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AN EXPEREMENTAL STUDY OF APPLIED GROUND LOADS IN LANDING ‘ 

By Benjamin Milwitzky, Dean C. Lindquist, and Dexter M. Potter 


SUMMARY 

An experimental investigation has been made of the applied 
ground loads and the coefficient of friction between the tire and 
the ground during the wheel spin-up process in impacts of a 
small landing gear under controlled conditions on a concrete 
landing strip in the Langley impact basin. The basic investi- 
gation included three major phases: impacts with forward speed 
at horizontal velocities up to approximately 86 feet per second, 
impacts with forward speed and reverse wheel rotation to simulate 
horizontal velocities up to about 273 feet per second, and spin-up 
drop tests for comparison with the other tests. In addition to 
the basic investigation, supplementary tests were made to 
evaluate the drag-load alleviating effects of prerotating the wheel 
before impact so as to reduce the relative velocity between the 
tire and the ground. 

In the presentation of the results, an attempt has been made 
to interpret the experimental data so as to obtain some insight 
into the physical phenomena involved in the wheel spin-up 
process. From this study it appears that the conditions of con- 
tact between the tire and the ground, and consequently the 
magnitude of the coefficient of f riction, vary greatly during the 
course of an impact and with different impact conditions. The 
value of the coefficient of friction appears to be (ippreciably 
influenced by a number of factors, such as the instantaneous 
skidding velocity, the slip ratio, the vertical load, the effects of 
tire heating produced by the skidding process, and the effects of 
contamination of the ground surface by abraded rudder. Some 
quantitative indications of these effects were obtained from the 
experimental data but the nature of the tests did not permit 
complete separation of all individual effects. 

The investigation of the effects of wheel prerotation indicates 
that this means can be used to obtain appreciable reductions in 
the maximum drag loads; however, at very high forward speeds, 
because the spin-up drag loads may be of the same order as, or 
even less than, the drag loads caused by other design conditions, 
the practical advantages of prerotation could be greatly reduced. 

INTRODUCTION 

In recent years the problems associated with ground- 
impact loads during landing, particularly wheel spin-up drag 
loads, have assumed increased importance in the design of 
airplanes. Although spin-up drag loads may lead to critical 
design conditions for such airplane structural components as 
the landing gear, drag bracing, parts of the wing, engine 
mounts and nacelles, the afterfuselage, tail booms, and even 


tail surfaces, comprehensive reliable information on the mag- 
nitude and variation of the drag load is meager, and existing 
data are often in conflict. 

The spin-up drag-loads problem may be logically resolved 
into two basic aspects, namely, (a) the external applied loads, 
which are the forces developed between the tire and the run- 
way during the wheel spin-up process in landing, and (b) the 
dynamic loads induced in the landing gear and various other 
parts of the airplane structure by the applied loads. The 
applied loads serve as the forcing function which, in con- 
junction with the mass and flexibility characteristics of the 
airplane, governs the dynamic response of the structure and, 
thus, the loads and stresses developed in the airframe. 

At the present time a number of dynamic-analysis methods 
exist which, while not perfect and often laborious, permit 
reasonable accuracy in the calculation of the dynamic 
response if the forcing function is known. In the case of 
wheel spin-up drag loads, one of the main problems is the 
inability to predict accurately the applied drag-load time 
history, because of lack of suflScient information regarding 
the mechanics of the wheel spin-up process, particularly the 
coefficient of friction between the tire and the ground, and its 
variation during the impact. The present investigation has 
therefore been undertaken primarily to study the applied 
ground loads in landing and the physical phenomena involved 
in the wheel spin-up process, with special attention to the 
magnitude and variation of the actual coefficients of friction 
between the tire and the ground. 

In the past, attempts to investigate systematically the 
applied ground loads by means of flight tests have generally 
been impeded by difficulties introduced by the relatively 
large amount of scatter normally found in flight-test data as a 
result of the numerous uncontrolled and generally unmeasured 
variables involved and, probably most important, by the 
fact that such data are usually obtained with strain gages 
located somewhere in the landing-gear structure, which, 
under dynamic-loading conditions, give a measure of the 
local strain or response rather than of the applied ground 
loads. Furthermore, such landing-gear strain-gage installa- 
tions are usually inherently subject to large errors due to the 
effects of interaction between different components of load 
and moment, as well as to hysteresis effects. In the case of 
spin-up drop tests in a jig, even though more satisfactory 
instrumentation is feasible, the results are also subject to 
question because of the artificial conditions which exist 
between the tire and the ground in such tests. 


> Supersedes and extends NACA TN 3246, “An Experimental Investigation of Wheel Spin-Up Drag Loads” by Benjamin Milwitzky, Dean C. Lindquist, and Dexter M. Potter, 1954. 
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In an attempt to minimize the aforementioned difficulties, 
special instrumentation was developed for measuring the 
applied ground loads, as well as various other pertinent 
quantities involved in landing impact, and tests were made 
with a small landing gear under relatively well-controlled 
conditions on a concrete landing strip installed in the Lang- 
ley impact basin. The basic investigation included three 
major phases. Impacts with forward speed were made at 
four vertical velocities between 3 and 10 feet per second over 
a range of horizontal velocities up to the maximum speed of 
the impact-basin carriage, approximately 87 feet per second. 
In an effort to extend the horizontal-velocity range of the 
investigation, forward-speed tests were made in combination 
with reverse rotation of the landing wheel prior to impact ; 
in this manner horizontal velocities up to 273 feet per second 
were simulated. Also, stationary drop tests with reverse 
wheel rotation were made for comparison with the other 
tests. In addition to the basic investigation, supplementary 
tests were made to evaluate the effects of prerotating the 
wheel before impact so as to reduce the relative horizontal 
velocity between the tire surface and the runway, and thus 
the amount of impulse required to spin up the wheel. 

This report presents an analysis of the applied ground 
loads measured in the aforementioned tests as well as a study 
of the coefficient of friction during the period of wheel 
spin-up. Along with the presentation of the quantitative 
results, an attempt is made to interpret the experimental 
data so as to obtain an understanding of the physical 
phenomena involved in the tire skidding process and the 
various factors which influence the coefficient of friction. 
Since these interpretations are based on measurements of 
the applied loads and the motions of the wheel and landing 
gear, rather than on detailed observations in the ground- 
contact region, they must be regarded more as inferences 
than as established facts, at least until such time as moie 
detailed studies of the mechanism of the skidding process 
can be made. 


SYMBOLS 

acceleration of axle parallel to shock-strut axis, ft/sec^ 
an horizontal acceleration of axle, ft/sec^ 
a/ acceleration of axle normal to shock-strut axis, ft/secr 
au horizontal acceleration of ground platform, ft/sec^ 
av vertical acceleration of ground platform, ft/sec^ 

Fa force on axle dynamometer parallel to shock-strut 
axis, lb 

Fn force on axle dynamometer normal to shock-strut 
axis, lb 

Fh horizontal force on ground dynamometer, lb 
Fv vertical force on ground dynamometer, lb 
Fa^ total force, parallel to shock-strut axis, between tire 
and ground, lb 

Fnj, total force, normal to shock-strut axis, between tire 
and ground, lb 

Fh total horizontal (drag) force between tire and ground, 
lb 

Fv total vertical force between tire and ground, lb 
g gravitational constant, 32.2 ft/sec^ 

Kl lift factor, ratio of lift force to total dropping weight 


7 rifi mass of ground platform, slugs 

rriuo mass between axle dynamometer and ground, slugs 
ju coefficient of friction, Fh^j^IJ^ Vj, 

Trf deflected radius of tire, ft 
Te effective rolling radius of tire, ft 

R free radius of tire, ft 

s shock-strut stroke parallel to strut axis, ft 

S slip ratio 

t time after contact, sec 

Vaxic horizontal velocit}^ of axle, fps 

Year horizontal velocity of carriage in tests with reverse 
wheel rotation, fps 

Vh^ horizontal velocity in forward-speed tests, fps 

simulated horizontal velocity in tests with reverse 

"Ofl *■ 

wheel rotation, fps 

Vskid instantaneous apparent skidding velocity, fps 
Vv^ vertical velocity at instant of initial contact, fps 
^axie horizontal displacement of axle, ft 

Zji upper-mass vertical displacement, ft 

5 tire deflection, ft 

(p angle of inclination between shock-strut axis and 

vertical 

d wheel angular displacement, radians 

Subscripts: 

av average 

max maximum 

0 at initial contact 

su at spin-up 

A dot over a symbol indicates differentiation with respect 
to time. 

APPARATUS 

EQUIPMENT I 

The impact-basin equipment consists primarily of a car- | 
riage which is catapulted down a horizontal track and which j 
incorporates a dropping mechanism for controlling the de- j 
scent of the test specimen with a predetermined vertical j 
velocity and simulated wing lift while the carriage is moving ] 
horizontally. (See refs. 1 and 2.) A schematic view of the 
carriage equipped for landing-gear testing is shown in figure 1 . 
For testing landing gears with forward speed a removable 
reinforced-concrete landing strip was installed in the impact 
basin, as shown in figure 2. The concrete surface of the 



© 
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Figure 1. — Schematic view of impact-basin carriage and landing gear 
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Figure 2. — View of concrete landing strip installed in Langley impact 

basin. 


landing strip had a lightly broomed finish in the transverse 
direction. 

The maximum liorizontal velocity of the impact-basin 
carriage is about 87 feet per second and the maximum 
dropping weight is 2,500 pounds. In order to simulate tlie 
wing lift forces which support an airplane during landing, 
the carriage incorporates a pneumatic cylinder and cam 
system which is designed to apply any desired upward force 
to the dropping mass during an impact. In the present 

OX 


investigation all tests were made with a dropping weight 
of 2,500 pounds and a simulated wing-lift force of the same 
magnitude. 

LANDING GEAR 

The landing gear used in the present investigation is a 
main undercarriage unit designed for the T-6 and SNJ 
trainer airplanes, which have a gross weight of about 5,000 
pounds. The landing gear is of the usual cantilever construc- 
tion and incorporates a conventional type of oleo-pneumatic 
shock strut with metering pin and snubber valve. The wheel 
is fitted with a 27-inch-diameter smooth-contour (type I) 
tire having a nonskid tread, inflated to a pressure of 32 
pounds per square inch. The brake assembly for the wheel 
was not installed. The original half-fork yoke was replaced 
by a more rigid tubular member connecting the shock strut 
with a specially designed strain-gage dynamometer for 
measuring the forces applied to the axle. 

The landing gear was inclined forward at an angle of 15° 
with respect to the vertical, representing an airplane attitude 
approximately half way between the level and three-point 
landing conditions. 

INSTRUMENTATION 

A variety of time-history instrumentation was employed 
in the tests. In order to minimize dynamic-response errors, 
high-frequency instrumentation was used where feasible. 
The installation of the test instrumentation is schematically 
illustrated in figure 3. Photographs of the landing gear and 
instrumentation are shown in figures 4 and 5. 




1 . Lift rods 

2. Loading weights 

3. Upper-mass vertical accelerometer 

4. Axle axial accelerometer 

5. Axle dynamometer 

6. Strain-gage beams 

7. Axle normal accelerometer, outer 

8. Axle normal accelerometer, Inner 

9. Wheel angular accelerometer 

10. Wheel angular -velocity generator 

1 1 . Wheel angular-displacement pickup 

12. Ground platform, concrete 

13. Ground dynamometer 

14. Ground- platform horizontal accelerometer 

15. Ground -platform vertical accelerometer 

16. Upper- mass displacement slldewire cable 

17. Strut -stroke slidewire 

18. Tire -deflection slidewire 

Note: 12,13,14,15, and 18 used in 

instrument -evaluation drop tests 
only. 


Figure 3. — Schematic view of landing gear and instrumentation. 
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Figure 4. — Front view of landing gear and instrumentation. 


A specially designed two-component dynamometer, in- 
stalled between the axle and the fork of the landing gear, 
was used to measure the forces applied at the axle. This 
axle dynamometer, which has wire resistance strain-gage 
members, measured the axial (parallel to the axis of the 
shock strut) and normal (perpendicular to the strut axis in 
the plane of the wheel) forces transmitted from the axle 
to the fork of the landing gear, from which the vertical and 
horizontal forces at the axle could be determined. The axle 
dynamometer was designed to measure axial forces up to 
10,000 pounds and normal forces up to 5,000 pounds and 
had natural frequencies, with wheel assembly attached, of 
403 cps and 220 cps in the axial and normal directions, 
respectively. 

The forces at the axle are, of course, not the same as the 
forces between the tire and the ground, the differences 
being the inertia reactions of the mass between the dynamom- 
eter and the ground which result from the accelerations 
of this mass during an impact. In order to determine these 
inertia forces, accelerometers were mounted on the landing- 
gear fork and on the dynamometer so as to measure the axial 
and normal components of the acceleration of the mass 


acting at the axle. The vertical and horizontal ground forces 
were then determined from the axle-dynamometer and axle- 
accelerometer measurements. Because of twist of the 
landing gear due to drag loads, it was necessary to employ 
two accelerometers, laterally displaced from one another, 
to determine the normal acceleration of the center of gravity 
of the mass between the dynamometer and the ground. 
Tliese accelerometers are referred to as inner and outer 
normal accelerometers ar.d their measurements are desig- 
nated as and aN respectively. (See fig. 3.) 

ao) 

In order to evaluate the accuracy of the applied ground 
forces determined from the axle-dynamometer and axle- 
acceleration' measurements under dynamic conditions, a 
special series of instrument-evaluation drop tests, with 
reverse wheel rotation to produce drag loads, was made in 
which the total vertical and horizontal ground forces deter- 
mined from the landing-gear instrumentation were compared 
with data obtained simultaneously from a ground dynamom- 
eter equipped with accelerometers. The ground accelerom- 
eters were used to determine the inertia reactions of the 
ground platform, which were added to the forces measured 
by tlie ground-dynamometer strain gages, in order to 
obtain the total applied forces between the tire and the 
ground platform. These comparisons (see, for example, 
fig. 6) indicated good agreement between the applied ground 
forces determined from the two sets of instrumentation and 



Figure 5 — Roar view of landinii; gear and instrumentation. 
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Figure 6. — Comparison of axle and ground measurements of applied 
forces in a typical instrument-evaluation test. Vvq=7.64: feet per 
second; U/f^^=108. 5 feet per second.- 


gave added confidence in the axle measurements, which were 
then used as a basis for the main part of the test program. 

The vertical velocity at the instant of initial ground 
contact was determined from the output of an elemental 
electromagnetic generator. The horizontal velocity of the 
carriage in the forward-speed tests was determined from 
horizontal-displacement measurements obtained by means 
of a photoelectric cell mounted on the carriage and light- 
beam interrupters fixed at one-foot intervals along the track. 

The lift force acting on the dropping mass was preset and 
its time history during the impact was measured by means 


of a strain-gage beam placed between the dropping mass 
and the rods through which the lift force is transmitted. 
An accelerometer for measuring the vertical acceleration of 
the upper mass (the mass above the shock strut) during 
impact was included in the test instrumentation for compari- 
son purposes. 

A two-phase induction drag-cup generator was used for 
measuring the angular velocity of the wheel. The angular 
displacement of the wheel was determined by means of a 
segmented ring mounted on the wheel. Brushes were 
attached to the axle so that electrical contact was made and 
broken 30 times during each revolution of the wheel. This 
segmented ring was also used for calibrating the angular- 
velocity generator. For evaluation purposes, an angular 
accelerometer was installed on the wheel. 

The vertical displacement of the upper mass and the 
shock-strut stroke were measured by means of variable- 
resistance slide-wire potentiometers, positively driven in both 
directions. In order to increase the sensitivity of the upper- 
mass-displacement measurements, a series of separate slide 
wires was arranged in such a manner as to produce full- 
scale record deflections for each ten inches of mass displace- 
ment. Measurements of the tire deflection during impact 
were obtained from the difference between the values of the 
upper-mass displacement and the vertical component of 
the shock-strut stroke. In order to evaluate the accuracy of 
the measurements obtained by this method, a stationary 
slide wire was used to measure directly the tire deflection in 
the special series of instrument-evaluation drop tests; the 
data obtained by the two methods were found to be in good 
agreement. 

The more important characteristics of the individual 
instruments used in the tests are given in table I, page 34. 
On the basis of these characteristics, the maximum errors 
in the derived measurements are believed to be within the 
following limits: 


Total horizontal jorce on tire, lb 

Axle measurements -^285 

Ground measurements ±285 

Total vertical jorce on tire^ /'V^, lb 

Axle measurements ±830 

Ground measurements ±210 

Tire deflectionj h^jt ±0. 02 

Axle horizontal velocity y Vaxie,jtlsec 

Carriage horizontal velocity, Vearyjt/sec ±1.3 


It should be noted that the foregoing values apply to the 
maximum values of the measured quantities; that is, a 
vertical load of about 9,000 pounds, a drag load of 4,500 
pounds, a tire deflection of 0.35 foot, and axle and horizontal 
velocities of 86 feet per second. When the measured quan- 
tities are smaller than these maximum values, the errors 
are, in general, proportionately reduced. 

The electrical outputs from all the instruments were 
recorded on a 36-channel oscillograph equipped with a 
timer which produced timing lines on the record at intervals 
of 0.01 second. A typical oscillograph record is shown, 
reduced, in figure 7. 
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EQUATIONS USED FOR DERIVED QUANTITIES 

In view of the fact that it was not feasible to measure 
certain desired quantities directly (for example, the total 
vertical and horizontal forces between the tire and the 
ground), it was necessary to deduce these quantities from 
other closely related measurements. The equations used 
for this purpose are discussed in this section. 

APPLIED FORCES FROM AXLE MEASUREMENTS 

The applied ground forces were obtained by addition of 
the forces acting on the axle and the inertia reactions due to 
the accelerations of the mass between the axle dynamometer 
and the ground. From figure 8 it can be seen that 

Fh^=Fn^ cos ip+F^^ sin 
Fv^=Fa^ cos <p—F^^ sin <p 

where 

FA^=FA^+m^aA^ 

F Nj.= Fn^-\-' 1^ w(J'Na 

and nito is the mass (3.58 slugs) between the axle dynamom- 
eter and the ground. (In fig. 8, the inertia or reversed 
effective forces m^^aAa and m^aNa are indicated by means 
of dashed vectors.) 

The forces Fa^ and Fn^ were measured directly by the axle 
dynamometer. The axial acceleration was obtained by 


means of a single accelerometer located on the modified yoke 
of the landing gear. (See fig. 3.) Since the yoke and axle 
were very rigid in the direction parallel to the shock-strut 
axis, the axial acceleration of the yoke was assumed equal 
to the axial acceleration of the center of gravity of the 
mass between the axle dynamometer and the ground. On 
the other hand, normal forces produced some twisting of the 
landing gear in the plane perpendicular to the shock-strut 
axis. For this reason it was necessary to use two acceler- 
ometers (see fig. 3) and linear extrapolation to determine the 
normal acceleration at the center of gravity of the mass 
between the axle dynamometer and the ground. 

In order to illustrate the general characteristics of the 
force measurements, time histories of the applied ground- 
force components Fa^,, F^^, and Fhj,, as well as time 
histories of the axle forces Fa^ and F^^ and the inertia reac- 
tions m'tcaA^ and from which the previously men- 

tioned applied ground forces were calculated, are shown in 
figures 9 (a) to 9 (c) for a typical forward-speed test. 

From the horizontal and vertical components of the 
applied ground force, the time histories of the coefficient of 
friction, defined as 


were determined. (See fig. 9 (d).) As used herein the term 
^'coefficient of friction” signifies the value of the ratio of the 
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instantaneous applied drag force to the applied vertical 
force, as actually measured, and not necessarily the max- 
imum value of this ratio that can be attained under given 
conditions of contact between the tire and the ground. 
This distinction is necessary because, under certain con- 
ditions (small slip), the drag force is governed by the 
circumferential distortion of the tire rather than by the limit- 
ing friction between the tire and the ground, as is discussed in 
a subsequent section. 

APPLIED FORCES FROM GROUND MEASUREMENTS 
(INSTRUMENT-EVALUATION TESTS) 

As previously mentioned, a ground dynamometer equipped 
with accelerometers was used in a special series of drop tests 
as an additional means of determining the applied ground 
loads for comparison with the values obtained from the axle 
instrumentation. The total applied ground loads were 
determined from the sum of the forces in the ground-dyna- 
mometer strain-gage members and the inertia reactions due 
to the acceleration of the ground-platform mass (7.51 
slugs). As can be seen from figure 8, 




and 

/'Vy=i'Vg+m^arg 

where Fh^ and Fy^ were determined directly from the 
ground-dynamometer strain- gage measurements and and 

avg were obtained from accelerometers attached to the ground 
platform, as shown in figure 3. (In fig. 8, the inertia forces 
rrif,aHg and mgavg are indicated by dashed vectors.) 

APPARENT SKIDDING VELOCITY 

For use in studying the variation of the coefficient of 
friction during the spin-up process, the apparent skidding 
velocity Vsku was determined. The apparent skidding 
velocity is defined as tlie difference between tlie actual 
translational velocity of the axle and the translational 
velocity which would exist if the wheel were rolling freely 
with the same angular velocity. Since the axle velocity for 
a freely rolling wheel can be expressed as the product of the 
effective rolling radius of the tire and the wheel angular 
velocity the apparent skidding velocity during spin-up may 
be written as 


^ skid axle ^ (3) 

It should be noted that the apparent skidding velocity is not 
necessarily the same as the actual sliding velocity between 
the tire and the ground, which may vary from point to point 
in the ground-contact area. The term ^^apparenF’ is used in 
recognition of the fact that equation (3) neglects the effects 
of the circumferential and radial distortions of the tire which, 
under the action of drag loads, modify the tangential veloci- 
ties of the tread in the ground-contact region and thereby 
alter the actual local sliding velocities somewhat in com- 
parison with the values which would apply for a circum- 
ferentially rigid wheel. 

Since the applied loads during an impact cause a fore-and- 
aft oscillation of the landing gear, the axle velocity is not the 
same as the carriage velocity. Therefore, in these tests the 
difference between the axle velocity and the initial carriage 
velocity was determined by integration of the horizontal 
component of the axle acceleration, and the axle velocity was 
calculated from the expression 

yaxle'^VHQ — J 

where was determined from the normal and axial accel- 
eration components of the axle by means of the geometric 
relationship (see fig. 8) : 


The instantaneous value of the effective rolling radius of the 
tire was determined by means of the relationship (see 
appendix A): 



r 


(4) 


tsi 



36312S— 56 2 



Fiourk 9.— Time histories of basic data and derived quantities from carriage instrumentation in a typical forward-speed test. Vv^—T-h feet per 

second; = 44 feet per second. 
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where R is the free radius of the tire, is the geometric de- 
flected radius, and b is the vertical deflection of the tire, as 
determined from the measurements of the upper-mass verti- 
cal displacement Zu and the shock-strut axial stroke s by 
means of the geometrical relationship 

8=Zu—‘S cos <p 

For illustrative purposes, time histories of the quantities 
involved in the calculation of the apparent skidding velocity 
are shown for a typical forward test in figures 9 (e) and 9 (f). 

RESULTS AND DISCUSSION 

GENERAL CHARACTERISTICS OF A TYPICAL IMPACT 

In order to obtain an overall physical picture of the impact 
process during a landing with forward speed, it may be 
helpful, before proceeding to the main results of this investi- 
gation, to consider briefly, with the aid of figures 8 and 9, 
the manner in which tlie various forces are developed sub- 
sequent to ground contact and their effects on the motions 
of the wheel and landing gear, particularly the process 
whereby the conditions of contact between the tire and the 
ground are progressively changed from full skidding at the 
instant of initial contact to free rolling following the com- 
pletion of spin-up. 

At the instant of initial ground contact the dropping mass 
has essentially constant vertical and horizontal velocity 
components. The mechanically simulated wihg-Iift force 
is approximately equal to the dropping weight so that t.he 
lift factor Kl remains close to 1.0 throughout the impact 
(fig. 9(d)). Following ground contact, the deflections of 
the tire and the shock strut produce a vertical ground force 
(fig- 9(c)), governed by the vertical velocity and the 
tire and shock-strut characteristics, which acts to dissipate 
the vertical momentum of the dropping mass. In the 
presence of this vertical force, the relative horizontal velocity 
between the tire and the ground, or skidding velocity, gives 
rise to a frictional or horizontal drag force Fh.^ (ng. 9(c)). 
The moment produced by this drag force, acting through 
the deflected radius of the tire (fig. 9 (e)), plus a small 
moment due to the longitudinal offset of the vertical force 
from the center of the wheel, causes an angular acceleration 
of the wheel and an increase in the angular velocity 6 with 
time (fig. 9 (e)), which, in turn, serves to decrease the skidding 
velocity with time (fig. 9 (f)). 

Since the coefficient of friction /x during the spin-up process 
(fig. 9 (d)) is generally larger than the tangent of the angle ip 
between the landing-gear axis and the vertical axis, the re- 
sultant force on the landing gear has a rearward-acting com- 
ponent in the direction perpendicular to the landing-gear 
axis (normal force in fig. 9 (b)). Because the landing 
gear has flexibility in bending, this normal force produces a 
rearward acceleration of the axle, perpendicular to the 
landing gear axis (fig. 9 (b)). The axle also experiences an 
acceleration parallel to the landing gear axis (fig. 9 (a)) 
as a result of the compression of the shock strut and the tire. 
Since the resultant of these accelerations has a rearward- 
acting horizontal component, the horizontal velocity of the 
axle Vaxie is somewhat reduced in comparison to the velocity 


of the carriage Vh (ng- 9 (f)), which tends to decrease the 
skidding velocity slightly. During this phase of the impact 
the axle may experience appreciable rearward deflections. 
An additional increment in rearward motion of the axle is 
provided by the kinematic displacement due to the telescop- 
ing (shortening) of the inclined shock strut during the impact. 

The process of tire skidding continues, with decreasing 
skidding velocity (fig. 9 (f)) as the angular velocity of the 
wheel 6 is increased (fig. 9 (e)), until the angular impulse 
becomes equal to the change in angular momentum required 
to bring the wheel up to ground-rolling speed. The decrease 
in the skidding velocity with time is accompanied by an 
increase in the coefficient of friction (fig. 9(d)). As the 
condition of free rolling is approached, the coefficient of 
friction passes through its maximum value, at some finite 
value of the apparent skidding velocity, and then rapidly 
drops to near zero as the final stage of the transition 
from skidding to free rolling is completed. 

This sudden decrease of the coefficient of friction causes 
the drag force to drop abruptly, with the following conse- 
quences. The landing gear, which had previously been de- 
flected toward the rear by the drag force, now accelerates 
forward under the influence of the internal elastic forces and 
the vertical load, the horizontal velocity of the axle becoming 
larger than the carriage velocity. The landing gear passes 
through its undeflected position, attains large forward deflec- 
tions, then again reverses its direction of motion relative to 
the carriage. The ensuing damped fore-and-aft oscillation, 
which occurs at about 1 1 cycles per second , is associated with 
the natural frequency of the landing gear in bending, includ- 
ing the effects of the equivalent mass of the rolling wheel. 

Following the sudden drop-off of the drag force, a similar 
type of elastic springback and resulting torsional or circum- 
ferential oscillation, at a natural frequency of about 55 cycles 
per second, takes place in the tire which, because of its tor- 
sional flexibility, had been circumferentially distorted by the 
drag-load moment. This circumferential springback imparts 
a positive increment to the angular velocity of the wheel, so 
that it becomes larger than the angular velocity of the tire 
tread. The use of this larger wheel angular velocity in 
equation (3) leads to the calculation of negative values for 
the apparent skidding velocity Vsku (fig. 9 (f)) immediately 
following the decay of the drag force (fig. 9 (c)), even though 
t.he actual average skidding velocity between the tire and 
the ground during this period may be nominally zero or even 
slightly positive. 

FORWARD-SPEED TESTS 

Time histories of applied loads. — Figure 10 shows several 
typical time histories of the applied vertical and horizontal 
ground loads and the coefficient of friction, as measured in 
impacts with forward speed. The data presented are for an 
average initial vertical velocity of about 7.5 feet per second 
and horizontal velocities up to approximately 83 feet per 
second. (For clarity, time histories from only a few repre- 
sentative tests, selected from a more extensive test program, 
are shown in figure 10. Figure 11 summarizes the most 
important data from the complete series of forward-speed 
tests.) A number of basic effects can be seen from figure 
10. As the forward speed is increased, since the impulse 


Coefficient of friction, fi Totol horizontol force, lb Total vertical force. 
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Figure 10. — Time histories of applied loads and coefficient of friction in typical forward-speed tests. 
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the time of spin-up and, therefore, an increase in the maxi- 
mum drag load with increasing forward speed. (The general- 
ity of this result is, of course, restricted to the range of for- 
ward speeds where spin-up and the maximum drag load occur 
before the maximum vertical load is reached, which was 
the situation in these tests.) This effect of the forward 
speed on the maximum drag load can also be seen from 





loads in forward-speed tests. 


figure 11 (a); the vertical load at the time of spin-up is 
shown in figure 11 (b). 

In these forward-speed tests ti e wheel turned through 
only a fractional part of a revolution during the skidding 
process, the angular displacement at the instant of maximum 
drag load, at the highest horizontal velocity investigated, 
being less than 100° at . a vertical velocity of 3 feet per 
second, and even smaller at the higher vertical velocities. 

As can be seen from figure 10, two types of superimposed 
oscillations are evident in the drag load subsequent to spin-up. 
The high-frequency oscillations, at about 55 cycles per second, 
are due to the torsional vibrations of the wheel and tire 
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assembly whicli are initiated by the circumferential spring- 
back of the tire at the end of the spin- up process, as pre- 
viously mentioned. The low-frequency oscillations, at 
about 11 cycles per second, result from the alternating 
angular accelerations which are imparted to the rolling 
wheel by the fore-and-aft oscillations of the landing gear 
excited by the drop-off of the drag load, also previously 
discussed. 

In the case of the impact with zero horizontal velocity, the 
small negative or forward-acting drag load is attributed to 
the kinematic displacement of the axle to the rear, which 
results from the telescoping (shortening) of the inclined 
shock strut. A forward -acting horizontal force is necessary 
to produce the angular acceleration of the rolling wheel 
required by the rearward acceleration of the axle; an addi- 
tional increment in negative drag load during this 'period 
is produced by the rolling resistance of the wheel. 

As can be seen from figures 10 and 11 (c), the magnitude 
of the maximum vertical load varied appreciably over the 
range of horizontal velocity covered by the tests, e'ven when 
the vertical velocity was essentially constant. As the 
horizontal velocity was increased from zero, the maximum 
vertical load first decreased, then increased, so that at the 
highest forward speeds the maximum vertical loads were 
considerably higher than at zero horizontal velocity. These 
variations of the vertical load are caused primarily by 
differences in the internal friction forces within the shock 
strut which result from the fore-and-aft bending of the land- 
ing gear during the impact. The (equivalent static) forces 
which cause this bending differ from the applied ground 
forces by an amount equal to the inertia reactions of the 
masses between the shock strut and the ground. In other 
words, the bending moments responsible for the increased 
shock-strut friction are those associated with the instan- 
taneous bending deflection, or dynamic response, of the 
landing gear, rather than those due directly to the applied 
ground loads. Thus, the effects of strut friction on the 
vertical load under different impact conditions can be ex- 
plained by consideration of the bending response of the 
landing gear: 

In an impact with zero horizontal velocity, the resultant 
force is essentially vertical, so that a bending moment tend- 
ing to deflect the landing gear forward is present throughout 
the entire impact. By the time the maximum vertical load 
is reached, this forward deflection has become appreciable so 
that substantial strut friction forces exist which cause the 
maximum vertical load to oe greater than the value which 
would be obtained if bending moments were not present. 

In impacts with finite horizontal velocity, on the other 
hand, the bending moments on the landing gear change 
sign during the impact. As a result, the landing gear is 
first deflected toward the rear, attains a maximum rearward 
deflection shortly after the maximum drag load is reached, 
then springs forward, passes through zero deflection, reaches a 
maximum forward deflection, and oscillates with decaying 
amplitude. The effect of strut friction on the maximum 
vertical load depends largely on the magnitude of the 
bending deflection at the instant when the maximum verti- 
cal load is reached. This, in turn, depends on the shape of 
the drag-load time history and the value of the maximum 


drag load, the amount of time elapsing between the occur- 
rence of the maximum drag load and the maximum vertical 
load, and the natural frequency of the landing gear. 

For example, when the forward speed is small, because the 
time to spin up is short, the maximum rearward deflection 
is small and occurs early in the impact, considerably before 
the maximum vertical load is reached. Thus, the landing 
gear is already in the process of fore-and-aft oscillation when 
the maximum vertical load is reached, the bending deflec- 
tions at this instant being either positive or negative, 
depending on the factors previously mentioned. Tlie mini- 
mum effect of strut friction, and thus the smallest value of 
the maximum vertical load, is obtained for the condition 
where the landing gear passes through zero deflection at the 
instant of maximum vertical load. In these tests, this 
situation occurs at a horizontal velocity of approximately 
20 feet per second. (See fig. 11 (c).) At lower horizontal 
velocities the landing gear has larger forward deflections at 
the instant of maximum vertical load since it has been subject 
to a forward acceleration for a longer time. At higher 
horizontal velocities, because the time to spin up is increased, 
the maximum rearward deflection increases and occurs at a 
later time after contact; as a result, the amount of rear- 
ward deflection, and thus the magnitude of the strut friction 
forces, at the time of maximum vertical load increases with 
increasing forward speed (for the range of conditions where 
the maximum drag load occurs before the maximum vertical j 
load). Since the maximum rearward deflection occurs 
after the maximum drag load is reached, the effect of strut 
friction on the maximum vertical load can be very large, 
even though the applied (ground) drag load has already 
dropped to low values at the instant of maximum vertical load. 
This situation exists at the highest forward speeds for which 
data are shown in figures 10 and 11. Of course, if there were | 
no strut friction, the vertical load would be almost inde- 
pendent of the forward speed and the drag load; in this case, 
the only effect of the ch’ag load would arise from the rela- 
tively small component parallel to the axis of the shock strut, j 
which would tend to increase the rate of elosiu’e of the strut 
somewhat and thereby cause a slight increase in the axial , 
force produced in the strut. i 

Coefficient of friction. — Figure 10 also shows the variation 
of the instantaneous value of the coefficient of friction (as de- 
fined previously) between the tire and the ground during the 
spin-up process. As can be seen, the coefficient of friction 
in each test started out at an intermediate value imme- 
diately after initial contact, increased steadily with time, 
attained a maximum value just before the maximum drag j 
load was reached (at a finite value of the apparent skidding | 
velocity), then dropped very rapidly toward zero as the 
transition from skidding to rolling was completed. 

The variations of the coefficient of friction during any 
given impact and from one set of conditions to another can 
be explained qualitatively by consideration of several effects 
which appear to influence the characteristics of the contact 
between the tire and the ground; namely, the phenomenon 
called ^^slip,’^ the effects of changes in the instantaneous 
value of the skidding velocity, the effects of variations in 
the vertical load, and the effects of heating of the tire run- 
ning surface produced by the skidding process. 
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Some insight into these effects can be obtained from the 
results of previous investigations of the braking of the rolling 
wheels of automobiles. (See, for example, ref. 3.) In the 
case of a rolling wheel, if a braking torque is applied, tlie 
angular velocity is reduced, even though the liorizontal 
velocity of the axle may be held constant. This reduction in 
I angular velocity under the action of a torque gives rise to the 
concept of slip. (The term ^^slip^’ may be somewhat mis- 
leading since, at low values of torque, the reduction in angular 
velocity occurs almost exclusively as a result of the circum- 
ferential and radial distortions produced in the tire by the 
tangential forces developed between the tire and the ground, 
rather tlian through actual sliding of the tire contact surface 
over the ground.) The ratio of the change in angular velocity 
of the wheel under torque to the angular velocity of the freely- 
rolling wheel for the same axle velocity is called the slip 
, ratio. As is discussed in appendix A, the slip ratio may 
I also be expressed as the ratio of the apparent skidding 
I velocity of the tire to the horizontal velocity of the axle. 

The relationship between the slip and the horizontal force 
developed between the tire and the ground can be easily 
understood if one first considers the situation which exists 
when an elemental block of rubber, in contact with the 
I ground, is subjected to an increasing horizontal force in the 
presence of a vertical force. As the horizontal force is 
applied, at first, because of the interlocking or adhesive 
nature of the contact between the block and the ground, 
no appreciable relative motion takes place between the con- 
tacting surfaces and an opposing equal tangential force is 
i developed in the contact region. Under the action of these 
forces, however, an elastic deformation of the block in bend- 
I ing and shear occurs, essentially proportional to the hori- 
I zontal force. Because of this elastic deformation, a relative 
! motion is produced between the top of the block and the 
i surface in contact with the ground, even though no actual 
sliding motion exists in the ground-contact area. This 
j relative motion between the top and bottom of the block is 
analogous to the relative circumferential motion between the 
bead and the tread which is the basis of deformation slip in 
the case of the tire. As the horizontal force is increased, a 
point is reached where the tangential stress between the tire 
* and the ground reaches the limiting value which can be 
maintained by the interlocking or adhesive forces. Any 
further increase in the applied horizontal force causes the 
block to slide relative to the ground. Following the onset 
of sliding, since the interlocking bond between the contacting 
' surfaces has been broken, the tangential force immediately 
becomes appreciably smaller than its value at the instant of 
incipient sliding and continues to decrease with further 
increase in the velocity of sliding. 

The variation of the tangential force developed when a 
rolling wheel is subjected to a braking torque can be visual- 
ized if each section of the tire in contact with the ground is 
assumed to behave in more or less the same way as the ele- 
mental block just discussed. In the case of the tire, of course, 
i the situation is much more complicated; since the effective 
i stiffness and the distortions of the casing differ considerably 
I from point to point, the distributions of the vertical ground 
f pressure and the tangential stresses vary appreciably over 
^ the contact area. 


At low values of torque, that is, at small slip ratios, the 
tangential stresses are mostly below the level at which local 
sliding occurs, so that the contact between the tire and the 
ground is basically of an interlocking or adhesive nature. 
In this region finite slip is due primarily to elastic deforma- 
tion of the tire, since little or no actual sliding occurs be- 
tween the tire contact area and the ground; as a result, in 
this region the slip is essentially proportional to the torque. 
As the torque is increased, the deformations and the tan- 
gential stresses become larger, so that the slip and the total 
horizontal force increase. With further increase in torque, 
an increasingly greater part of the ground-contact area 
reaches the limiting stress level that can be maintained by 
adhesion, so that more and more points in the contact area 
begin to slide. As soon as a given tire element begins to 
slide the tangential force which can be developed by that 
element is considerably reduced, and a transfer of tangential 
stress takes place to load up elements which have not yet 
begun to slide. As a result, as more and more elements 
begin to slide, a point is reached wiiere the total horizontal 
force begins to decrease with further increase in brake 
torque. From the foregoing considerations it is clear that, 
after the horizontal ground force has reached its maximum 
value, the process is unstable with further increase in brake 
torque. Since the ground force becomes increasingly 
insufficient to balance the brake torque, the wheel rapidly 
decelerates to zero angular velocity (slip ratio equal to 1.0) 
and locks. At this point, full skidding, at a velocity equal 
to the axle velocity, exists over the entire ground-contact 
area. 

As a result of the physical process just described, the drag 
force (and, therefore, the ratio of the drag force to the verti- 
cal force) for a braked wheel increases rapidly with slip 
ratio, reaches a maximum at a relatively low value of the 
slip ratio (the so-called ^^point of impending skidding”), and 
decreases with further increase in slip ratio until the locked- 
wheel condition is reached at a slip ratio of 1.0, as may be 
seen from figure 12, which is taken from reference 3. 

In the literature on tire friction the ratio of the horizontal 
force to the vertical force is generally referred to as the 
coefficient of friction. It should be recognized that this 
usage is not strictly correct over the entire range of slip 



Figure 12. — Variation of coefficient of friction with slip ratio. Brak- 
ing tests on dry concrete (from ref. 3). 
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ratio, inasmuch as at slip ratios below the ‘^point of impend- 
ing skidding” the horizontal force developed depends solely 
on the resisting torque or, what amounts to the same thing, 
on the deformation of the tire and not on the ground friction 
since, in this region, the horizontal force is less than the 
limiting value which can be maintained by friction between 
the tire and the ground. For slip ratios above the ^^point of 
impending skidding,” on the other hand, the horizontal 
force developed is the maximum value which can be main- 
tained by friction under the particular conditions of contact 
involved, so that in this range the ratio of the drag force to 
the vertical force is more properly termed the coefficient of 
friction of the tire. The friction at the '^point of impending 
skidding” is analogous to, though not identical with, the 
classical static friction, whereas the friction for the locked- 
wheel condition corresponds to what is commonly called 
kinetic or sliding friction. Between these two limits the 
friction appears to involve both types in combination. 

In addition to the effects of slip ratio previously discussed, 
it is also evident from figure 12 that the magnitude of the 
forward speed has an appreciable influence on the value of 
the coefficient of friction. This influence can be seen even 
more clearly from figure 13, also taken from reference 3, 
which shows the effects of the forward speed on the coeffi- 
cient of friction at slip ratios in the primarily adhesive and 
sliding regions. (Figure 13 appears to be a cross plot of the 
data from the same series of tests on which fig. 12 is based. 
The curves labeled “adhesive friction” and “sliding friction” 
correspond with the data for “impending skidding’' and slip 
ratio of 1.0, respectively, in fig. 12.) 



Figure 13. — Effect of forward speed on coefficient of friction. Braking 
tests on dry concrete (from ref. 3). 


The effects of the forward speed on the coefficient of fric- 
tion arise primarily through changes in the magnitude of the 
local skidding velocities in the regions of sliding in the ground- 
contact area. At a given slip ratio, an increase in the forward 
speed causes an essentially proportional increase in the skid- 
ding velocities at points in the ground-contact area where 
sliding already exists. Also, because of inertia and hysteresis 
effects associated with the rate of deformation of tire elements 
passing through the ground-contact area, which tend to re- 


duce the effectiveness of the mechanical interlocking between 
the tread and the ground, an increase in the forward speed 
tends to reduce the level of tangential stress at which sliding 
begins, so that a greater proportion of the contact area is in 
a state of sliding. As a result of the foregoing effects and the 
fact that the local coefficient of friction at any point within 
the ground-contact area where sliding exists decreases with in- 
creasing skidding velocity, it follows that, for slip ratios beyond 
the “point of impending skidding,” where a large part of the 
contact area is in a state of sliding, an increase in the forward 
speed causes an appreciable decrease in the overall coefficient 
of friction for the tire as a whole. Also, since an increase in 
forward speed tends to accelerate the transition from adhesion 
to sliding, as previously noted, the value of the slip ratio at 
which the maximum overall coefficient of friction occurs is 
somewhat decreased at the higher forward speeds. On the 
other hand, at low slip ratios, below the value at which the 
maximum overall coefficient of friction appears, since the 
horizontal force is developed primarily through adhesive 
ground contact and tire deformation, a change in horizontal 
velocity has relatively little effect on the overall coefficient 
of friction. 

In the preceding discussion the influence of the slip ratio 
on the coefficient of friction has been considered as a pri- 
marily mechanical effect. On the other liand, from observa- 
tion of tires subjected to drag loads, it would appear that 
another aspect should be considered; namely, the effects of 
heating of the tire tread surface which results from the work 
done in sliding. It is known (see, for example, ref. 4) that 
the coefficient of friction of tire tread rubber on concrete 
decreases markedly with increasing temperature. On the 
basis of elementary considerations, it is shown in appendix 
B that the sliding work per unit of tire area in contact with 
the ground, which may be taken as a qualitative index of the 
heat concentration in the tire ground-contact area, depends 
to a great extent on the slip ratio, as well as on other factors, 
such as the vertical load, the tire pressure, and the coefficient 
of friction; the greatest heating effect, everything else being 
equal, occurring at a slip ratio of 1.0. These considerations 
suggest that at least part of the effect of slip ratio is a heating 
effect. This aspect is discussed in more detail subsequently 
in connection with the forward-speed tests with reverse 
wheel rotation. 

The concepts just discussed permit some interpretation of 
the variations of the coefficient of friction in the tests of the 
present investigation. In the forward-speed tests (fig. 10) 
the process is reversed from that in braking; that is, the proc- 
ess begins, at the instant of initial contact, when the tire is not 
rotating, so that the slip ratio is equal to 1 .0 and full skidding, 
at a velocity equal to the horizontal velocity of the axle, 
exists over the entire ground-contact area of the tire, just as 
in the case of the locked wheel in the braking process. For 
this condition, because of the high skidding velocity, the 
absence of any adhesive contact, and the large heat concen- 
tration per unit of tire contact area, the coefficient of friction 
immediately following ground contact is comparatively low; 
in fact, lower than at any other stage of the skidding process. 
As the wheel begins to rotate under the influence of the 
moment produced by the drag load, the angular velocity in- 
creases so that the slip ratio and the local skidding velocities 
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in the ground-contact area are reduced; also, the rate of 
introduction of fresh tire-tread area into the ground-contact 
region is increased so that the heat generated per unit time 
by the skidding is distributed over a larger tire-tread area. 
As a result of the combination of the foregoing effects, the 
coefficient of friction increases with time from its initial value. 
As the angular velocity approaches the value for free rolling, 
an increasingly greater part of the ground-contact area passes 
from sliding to adhesive contact. The maximum value of the 
overall coefficient of friction is reached when virtually all of 
the tire contact area has attained a state of adhesive contact 
and the tangential stresses due to tire distortion reach their 
highest values. With further increase in the angular velocity 
of the wheel, the deformations of the tire and the slip arising 
therefrom are rapidly reduced, so that the tangential stresses, 
and thus the total drag force and the overall coefficient of 
friction, drop to near zero as the final stage of the transition 
from sliding to rolling is completed. 

From the foregoing discussion it appears that the variation 
of the coefficient of friction in an impact with forward speed 
can be explained, at least qualitatively, by consideration of 
the effects of slip ratio, skidding velocity, and heating of the 
tire surface. The effect of the skidding velocity is particu- 
larly evident at the beginning of the spin-iip process where 
the slip ratio is the same for all tests and the skidding velocity 
is equal to the horizontal velocity; it can be seen from figure 
10 that, in general, the coefficient of friction decreases pro- 
gressively with increasing skidding velocity. A slight, though 
systematic, decrease in the maximum value of the coefficient 
of friction with increasing forward speed is also evident. 
This latter result may be largely due to inertia and hysteresis 
effects, previously mentioned, which tend to reduce the 
effectiveness of the interlockng contact at low slip ratios 
corresponding to the ''point of impending skidding.^' 

Effect of vertical velocity. — The effects on the applied 
loads caused by changes in the vertical velocity at contact 
are summarized in figure 11. The usual, not quite linear, 
increase in the maximum vertical load with vertical velocity 
is evident (fig. 11 (c)). It can also be seen that the effects of 
forward speed on the vertical load were less pronounced at 
the lowest vertical velocity. This result appears due to 
the fact that the strut friction is appreciably reduced at low 
vertical velocity since the bending moments on the gear, 
and thus the bending deflections, are smaller. Also, the 
tire can compensate more readily for the effects of strut 
friction, that is, reduced shock-strut travel, by deflecting 
somewhat more, with relatively little increase in vertical 
force, since the slope of the tire force-deflection curve is 
comparatively flat at small deflections. 

As would be expected, the maximum drag load at any 
given horizontal velocity increased with the vertical velocity 
(fig. 11 (a)). Since an increase in vertical velocity resulted 
in an increased rate of rise of the vertical load, and since the 
amount of impulse required for wheel spin-up is essentially 
constant for any given horizontal velocity, the time to spin 
up decreased with increasing vertical velocity (fig. 11 (d)). 
Even though the time to spin up was reduced, this effect 
was offset by the higher rate of rise of the vertical load, which 
caused the vertical load at the time of spin-up to be increased 


with increasing vertical velocity (fig. 11 (b)), so that the 
maximum drag load increased with vertical velocity. Also, 
because of the higher rate of rise of the vertical load, the rate 
of increase of the maximum drag load with horizontal ve- 
locity was greatest at the high vertical velocities (fig. 11 (a)). 
In the tests at a vertical velocity of 3 feet per second, rela- 
tively little increase in the maximum drag load with hori- 
zontal velocity is noted at speeds above about 40 feet per 
second. This result occurs because the characteristics of 
the landing gear are such that, at low vertical velocity, the 
vertical load is essentially constant over a large part of the 
impact time; thus the vertical load which exists at the time 
of spin-up is essentially unchanged with variations in the 
time to spin up. As a result, changes in time to spin up, 
within this essentially constant vertical-load region, produce 
only small differences in the maximum drag load. 

Figure 11 (e) shows how the ratio of the maximum drag 
load to the maximum vertical load varies with the vertical 
and lioi’izontal velocities. The highest values of the drag 
load relative to the vertical load, of course, were obtained 
at the high horizontal velocities where spin-up occurs when 
the vertical load is near its maximum value. As can be seen, 
a large reduction in load ratio, most pronounced at low 
horizontal velocities, occurred as the vertical velocity was 
increased. This reduction results from the decreased time 
to spin up at the Jiigher vertical velocities, previously 
discussed. At a given horizontal velocity, since the drag 
impulse required for spin-up is essentially constant, whereas 
the total vertical impulse increases directly with the vertical 
velocity, it follows that the ratio of the vertical load at the 
time of spin-up to the maximum vertical load will be reduced 
with increasing vertical velocity, so that the ratio of the 
maximum drag load to the maximum vertical load conse- 
quently is also decreased with increasing vertical velocity. 

Figure 11 (e) also shows that the curves for the different 
vertical velocities tend to converge at the higher horizontal 
velocities. This result is explained by the fact that, at the 
higher horizontal velocities, spin-up occurs when the vertical 
load is near its maximum value, as previously indicated, so 
that the ratio of the maximum drag load to the maximum 
vertical load approaches the value of the coefficient of friction 
at the time of spin-up. Wlien the maximum drag load coin- 
cides exactly in time with the maximum vertical load, the 
ratio of these two loads is the coefficient of friction at the 
time of spin-up. Since the time to spin up decreases with 
increasing vertical velocity, the horizontal velocity at whicli 
incrcascs with increasing vertical veloc- 
ity. P^or horizontal velocities beyond this value, because 
spin-up occurs subsequent to the peak vertical load, the 
ratio Fhj, IFvj, should decrease with further increase in 

horizontal velocity. As a result of the foregoing considera- 
tions, the curves of Fh^, !Fy^ for different vertical 

velocities have to cross one another somewhere in the horizon- 
tal-velocity region beyond the range of these forward-speed 
tests. The vertical spread of the curves in figure 11 (e) 
at the highest horizontal velocities shown may thus be 
attributed to two effects due to changes in the vertical 
velocity; namely, differences in the value of the horizontal 
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vclocitj" at which F„„ !Fv„ and differences in the 

value of the eoeffieient of friction at the time of spin-up. 

The latter effect is indicated in figure 11 (f), which shows 
the ratio of the maximum drag load to the vertical load at 
the same instant, that is, the coefficient of friction at the 
time of maximum drag load. As can be seen, there was 
some decrease in the coefficient of friction with increasing 
vertical velocity. Several factors apparently combine to 
produce this result. With increasing vertical velocity, since 
the rate of rise of the vertical load is increased, the rate of 
rise of the drag load is increased. Consequently, the amount 
of angular displacement of the wheel between the instant 
of contact and full spin-up is decreased. Thus, more skidding 
energy is transferred to the tire per unit time and this energy 
is distributed over a smaller area of the tire periphery, so 
that the concentration of heat and, thus, the temperatures 
of the tire tread surface are increased. In addition, higher 
tangential stresses are produced in the tire contact area as 
a result of the larger vertical deflections of the tire, so that 
the remaining amount of tangential stress available for the 
production of drag load in the interlocking contact regime is 
reduced. Also, the vertical ground pressures are increased 
and the rates of loading are higher. Each of the foregoing 
effects tends to cause a reduction in the coefFcient of friction 
as the vertical velocity is increased. 

FORWARD-SPEED TESTS WITH REVERSE WHEEL ROTATION 

Time histories of applied loads. — In order to obtain an 
indication of the characteristics of the applied loads for the 
range of forward speeds beyond the maximum velocity of 
the impact-basin carriage, forward-speed tests were made 
with reverse rotation of the landing wheel. In these tests 
the carriage horizontal velocity was approximately 86 feet 
per second and the landing wheel was spun up backward 
before impact so as to produce relative velocities bet^veen 
the tire and the landing strip at the instant of contact up to 
about 273 feet per second. Figure 14 shows a number of 
typical time histories from such tests at an average vertical 
velocity of about 7.5 feet per second, and also includes data 
(solid-line curve) from one test with no reverse wheel rotation. 
For clarity, the results of only a few selected tests are shown 
in figure 14. The maximum values of the applied vertical 
and drag loads for the complete series of forward-speed tests 
with reverse wheel rotation are shown in figure 15. Also 
shown in figure 15, for comparison, are the results obtained 
in the forward-speed tests without reverse rotation previously 
discussed (long-dash curves). 

Before these results are considered in detail, it should be 
pointed out that the use of reverse wheel rotation in combina- 
tion with forward speed does not yield complete simulation 
of actual impacts at high forward speeds. For example, 
even though the relative velocity between the tire periphery 
and the gi'ound is made the same at the instant of contact, 
the slip ratios during the first part of the spin-up process in 
the reverse-rotation tests are, of course, higher than in cor- 
responding true forward-speed impacts, the amount depend- 
ing on the difference between the simulated horizontal veloc- 
ity and the speed of the carriage. Thus, for the highest 
simulated horizontal velocity in these tests (273 fps), the 
initial slip ratio is about 3.2; whereas, in an actual forward- 


speed impact the initial slip ratio would be 1.0. As a result, 
the variations of the slip ratio during the spin-up process are 
different in these tests than in true forward-speed impacts. 
Also, because of the higher slip ratios during the first part 
of the spin-up process, the amount of rubber removed from 
the tire per unit time by the skidding process is distributed 
along a shorter length of ground travel than in an actual 
forward-speed impact, so that the concentration of abraded 
rubber in the ground-contact area is greater in these tests. 
The differences in the slip ratio also influence the amount of 
tire periphery coming in contact with the ground and the 
heating of the tire during the spin-up process. All of the 
foregoing differences, which are, of course, greatest at the 
highest simulated horizontal velocities (highest initial slip 
ratios), influeiice the coefficient of friction and the applied 
loads. Nevertheless, the results obtained, althougli not 
completely realistic, do serve to indicate, at least qualita- 
tively, the manner in which the applied loads would vary 
if the forward speed were increased to high values. With the 
foregoing restrictions, the results presented in figure 14 
may be considered to be a continuation of those shown in 
figure 10. 

As in the case of the forward-speed tests previously dis- 
cussed, an increase in the relative velocity between the tire 
and the ground at the instant of initial contact (simulated 
horizontal velocity) causes the duration of the skidding 
process to be increased, so that a longer time is required for 
the completion of spin-up. At the lower simulated hori- 
zontal velocities, where spin-up occurs before the maximum 
vertical load is readied, the maximum drag load increases 
with increasing simulated horizontal velocity, just as in the 
forward-speed tests and for the same reasons previously 
discussed. 

For the higher simulated horizontal velocities, spin-up 
occurs after the maximum vertical load is reached. In this 
region, since tlie vertical load is decreasing with time, the 
vertical load which exists at the time of spin-up is reduced 
as the duration of skidding is increased; as a result, the drag 
load at the time of spin-up decreases with increasing simu- 
lated horizontal velocity, since the coefficient of friction at 
the instant of spin-up is more or less the same for all tests 
in this series. In figure 14, the drag-load time histories for 
the higher velocities are seen to exhibit two peaks; the first 
occurring when the vertical load is at a maximum, the 
second at the time of spin-up, when the coefficient of friction 
is at a maximum. Because the coefficient of friction was so 
much larger at the time of spin-up, when the skidding 
velocities and the slip ratios were small, than at the time of 
maximum vertical load, when the slip ratios and the skidding 
velocities were larger, the maximum drag load in these tests 
always occured at the time of spin-up, rather than at the 
time of maximum vertical load. Consequently, the maxi- 
mum drag load reached its highest value for the condition 
where the completion of spin-up coincided with the occur- 
rence of the maximum vertical load and decreased with fur- 
ther increase in simulated' horizontal velocity. Figure 15 
shows that the maximum drag load reached its highest value 
at a simulated horizontal velocity of about 112 feet per 
second and dropped to about 60 percent of this value at the 
higher test velocities. Although the maximum drag load 
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Figure 14. — Time histories of applied loads and coefficient of friction in typical forward-speed tests with reverse 
w’heel rotation. =7.44 feet per second; Vcar^„=S5.5 feet per second. 
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Figure 15. — Comparison of maximum applied loads in forward-speed tests with reverse wheel rotation and loads in true forward-speed tests. 


always occurred at the time of spin-iip in these tests, it ap- 
pears tliat, if the horizontal velocity were higii enough, 
spin-up would be delayed until the vertical load was small 
enough that the drag load would be smaller at the time of 
spin-up than at the time of maximum vertical load, even 
though the coefficient of friction were larger at the time of 
spin-up. 

In these tests, as in the forward-speed tests, circumfer- 
ential springback of the tire and bending springback of the 
landing gear occurred following the drop-off of the drag load; 
tlie ensuing torsional oscillations of the wheel and fore-and- 
aft bending oscillations of the landing gear resulted in the 
oscillations evident in the drag-load time histories of figure 
14 subsequent to the time of spin-up. 

The effects of the drag load on the vertical load were as 
would be expected from the previous discussion of the 
forward-speed tests. For those conditions where spin-up 
occurred just before the maximum vertical load was reached 
(for example, at horizontal velocities of 86.0 and 124.9 fps 
in fig. 14), the large dynamic bending deflection of the 
landing gear at the time of maximum vertical load resulted 
in large shock-strut friction forces which greatly increased 
the maximum vertical load. At higher simulated horizontal 
velocities, because the coefficient of friction decreased, the 
shapes of the drag-load time histories were greatly changed 
so that the drag impulse at the instant of maximum vertical 
load was reduced. As a result, the bending deflections at 
the time of maximum vertical load, and consequent!}^ the 
strut friction forces, were smaller so that the maximum 
vertical loads were considerably reduced at the higher 
horizontal velocities. Even in these cases, however, the 
bending response of the landing gear resulted in a momentary 
rise of the vertical load slightly after the maximum drag 
load occurred, when the bending deflection reached its 
maximum value, as can be seen from the individual time 
histories in figure 14. 

The overall variation of the maximum vertical load with 
simulated horizontal velocity is shown in figure 15. The 
highest values of the maximum vertical load occurred at a 


simulated horizontal velocity of about 112 feet per second. 
In this region, because of the irregularities in the vertical- 
load time history, caused by the sudden changes in the shock- 
strut-orifice area resulting from the metering-pin displace- 
ment, the exact phasing between the drag load and the 
vertical load appears to be critical. As a result, relatively 
small differences in the initial conditions or in the time to 
spin up caused fairly large differences in both the maximum 
vertical and maximum drag loads, as can be seen from the 
solid and short-dash curves in figure 15. 

Coefficient of friction. — The variations of the coefficient of 
friction during the spin-up process in these tests were con- 
siderably different from those in the forward-speed tests. 
As can be seen from figure 14, the coefficient of friction in the 
reverse-rotation tests started out at relatively high (for 
the high skidding velocities involved) values at the beginning 
of each impact, decreased with time, then increased until a 
maximum value was reached just prior to the completion 
of spin-up. The later phases of the time histories are similar 
in appearance to those obtained in the forward-speed tests. 
As an aid in interpreting these variations, the points at 
which reversal of the wheel rotation takes place (^=0) arc 
shown. At these points the slip ratio is, of course, equal to 
1.0. Also shown, for the two highest speed tests, are the 
points at which the wheel rotation passed through a complete 
revolution. At the lower speeds the wheel angular displace- 
ment was always less than a full revolution. 

As previously noted, the values of the coefficient of friction 
at the beginning of the impacts were relatively high, even 
though the skidding velocities were large. This result is 
apparently due to the very high slip ratios during the first 
part of the skidding process. At these high slip ratios, 
because the large angular velocity of the wheel contributes 
a major part of the total skidding velocity, the rate of intro- 
duction of tire-tread area is relatively large compared with 
the rate at wliich work is done in skidding; thus, the skidding 
energ}^ is distributed over a larger area of the tire running 
surface so that heating of the tire surface is reduced. (See 
appendix B.) As a result, the transition which the ground- 
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contact surface of the tire undergoes from its initially cold 
condition to the higher temperatures characteristic of normal 
operation requires an appreciable length of time in the 
reverse-rotation cests. hi an actual forward-speed impact, 
on the other hand, since the wheel would be turning slowly 
during the early part of the spin-up process, the skidding 
energy would be much more highly concentrated in the tire 
surface, the transition from cold to hot rubber would be 
greatly accelerated, and the coefficients of friction during 
this stage of the impact would be much lower. 

The variation of the coefficient of friction during the 
remainder of the spin-up process in the reverse-rotation 
tests appears to be governed primarily by the combined 
effects of the slip ratio and skidding velocity, both of which 
decrease with time, as well as by changes in the vertical 
load. As was previously indicated, a reduction' in the 
skidding velocity tends to increase the coefficient of friction. 
On the other hand, because of the effects of tire heating, a 
reduction in the slip ratio tends to decrease the coefficient 
of friction for slip ratios greater than 1.0 and tends to 
increase the coefficient of friction for slip ratios less than 
1.0, as is indicated in appendix B. As a result of the com- 
bination of the foregoing effects, the coefficient of friction 
first decreases with time, reaches a minimum value at a 
slip ratio greater than 1.0, then increases until a maximum 
value is reached at very small slip ratios, where local sliding 
in the ground-contact area is transformed into adhesive 
contact just prior to the completion of spin-up. The 
process during the interval between a slip ratio of 1.0 and 


full spin-up appears to be very similar to the complete spin- 
up process in the forward-speed tests previously discussed, 
except for differences in the magnitude of the vertical load 
during this ])eriod and possible effects of the residual elevated 
temperature of the tire resulting from the previous skidding. 

The time histories of the coefficient of friction for the 
higher simulated horizontal velocities in figure 14 indicate 
a momentary peak during the early stages of the spin-up 
process. These peaks do not appear to be directly connected 
with the rotation of the wheel through one revolution and 
their cause is not evident. 

In addition to the effects of the slip ratio and the skidding 
velocity, variations in the vertical load on the tire appear to 
have an influence on the coeflficient of friction. Some in- 
dications of the effect of the vertical load may be obtained 
from the values of the coefficient of friction at the points 
where ^=0. At these points the slip ratio is equal to 1.0 
and the skidding velocities are more or less the same for all 
tests in this series. Therefore, differences in the coefficients 
of friction at these points may be indicative of the effect of 
vertical load. This effect is discussed in a subsequent 
section. 

From the foregoing discussion it appears that, be..ause of 
the artificially high slip ratios, the variations of the coeffi- 
cient of friction in the reverse rotation tests may differ ap- 
preciably from those which would be obtained in a true 
forward-speed impact. In particular, it v/ould appear that 
the coefficients of friction at the beginning of the spin-up 
process would be considerably lower in an actual forward- 
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spoccl impact since the initial slip ratio would be equal to 
1.0, which, for the same skidding velocity, would result in 
greater lieating of the tire. Similarly, it would be expected 
that these differences would also have some effect on the 
shape of the drag-load time histories and on the time to 
spin up. 

An overall illustrative picture of the load variations in the 
forward-speed tests and in the forward-speed tests with re- 
verse wheel rotation (complete series of tests) is shown in 
figui'c 16. In this figure the shaded area indicates the en- 
velope of the vertical-load time histories for all tests. The 
boundaries of the drag load are indicated by means of 
short segments of the drag-load time-history curves in the 
vicinity of spin-up. 

SPIN-UP DROP TESTS 

Spiii-up drop tests, either in a jig with a single landing gear 
or with a complete airplane, are widely used in the develop- 
ment and proof testing of landing gears and the airplane 
structure. In order to evaluate the validity of this method 
of simulating landing impacts, a series of spin-up drop tests 
with the carriage fixed was made for comparison with the 
true forward-speed tests and the forward-speed tests with 
reverse wheel rotation previously discussed. A few typical 
time histories of the applied loads and the coefficient of 
friction from such tests are shown in figure 17. The maxi- 
mum values of the vertical and drag loads are shown as 
functions of the simulated horizontal velocity and aie com- 
pared with the results of the other tests in figure 18. Com- 
parisons of two individual spin-up drop-test time histories 
with time histories obtained in the otiier types of tests for 
corresponding impact conditions are shown in figure 19. 

As can be seen from figure 18 and from comparisons of 
figures 17 and 10, for low simulated horizontal velocities, the 
applied loads and the coefficients of friction in the spin-up 
drop tests were higher than in the forward-speed tests. 
However, for simulated horizontal velocities above about 
60 feet per second the loads in the spin-up drop tests were 
appreciably smaller than in the other types of tests. 

In the spin-up drop tests, of course, the slip ratio is in- 
finite throughout the impact, and the angular displacement 
of the wheel during the skidding process is much larger than 
in a forward-speed impact. Since, for any given value of 
the skidding velocity, the rate of introduction of tire-surface 
area into the ground-contact region is much greater in a 
spin-up drop test than in a forward-speed impact, the con- 
centration of skidding energy in the tire surface is greatly 
reduced, so that there is less heating of the tire. This effect 
tends to make the coefficients of friction for a given skidding 
velocity in the spin-up di*op tests larger than in the forward- 
speed tests. On the other hand, the spin-up drop tests 
involve an element which tends to reduce the coefficient of 
fiiction; namely, the contamination of the ground beneath 
the tire by particles of rubber which are removed from the 
tire bv the skidding process and tend to act as a lubricant in 
the ground-contact area. In an impact with forwaixl speed, 
this abraded rubber is distributed over an appreciable length 
along the gi-ound, so that its effect is relatively small. In a 
drop test, on the other hand, these particles of rubber ac- 
cumulate in one spot on the ground. For the drop tests at 


low simulated horizontal velocities this effect is negligible be- 
cause very little rubber is removed from the tire, since the 
total amount of work done in skidding is small. With in- 
creasing simulated horizontal velocity, however, more and 
more rubber is removed from the tii’e and the thickness of the 
accumulated deposit becomes large enough to cause marked 
reductions in the coefficient of friction throughout most of the 
skidding process. At the highest simulated velocities, pos- 
sibly because the abraded rubber is in a gummy or even 
molten state, the coefficients of friction, and consequently 
the drag loads, are reduced to very small values, as can be 
seen from the time histories in figure 17. 

The total accumulation of abraded rubber during a given 
impact is, of course, greatest at the end of the skidding 
process. Consequently, at the liigher simulated horizontal 
velocities, the coefficient of friction does not increase as the 
skidding velocity is reduced, even as the wheel comes to rest, 
in contrast to the results from the other types of tests where 
the coefficient of friction increased considerably as the skid- 
ding velocity decreased. As a result, in the spin-up drop 
tests the maximum drag loads for the higher velocities do 
not occur at the end of the skidding process, as in the other 
types of tests, but rather at the time of maximum vertical 
load. 

At the lower simulated horizontal velocities, where the 
effects of the abraded rubber are unimportant, the reduced 
heating of the tire surface, previously mentioned, results in 
somewhat higher coefficients of friction in the drop tests 
than in the forward-speed tests, the greatest differences being 
in the maximum values of the coefficient of friction. These 
differences in the maximum values may result from the fact 
that the nature of the contact between the tire and the 
ground as the skidding velocity is reduced to zero is different 
in the two types of tests. In the spin-up drop tests the 
transition is from a state of skidding to a state of rest; 
whereas, in the forward-speed tests, the transition is from a 
state of skidding to a state of rolling. In the drop tests, the 
maximum value of the coefficient of friction probably corre- 
sponds to a condition where the entire area of the tire touch- 
ing the ground is in a state of adhesive contact. In the 
forward-speed tests, on the other hand, this condition is 
never completely reached since, even for the limiting case of 
a freely rolling tire, local sliding exists over some parts of the 
contact area. Fiu*thermore, in the case of the rolling tire, 
the effectiveness of the mechanical interlocking between the 
tii-e’ and the ground in the regions of adhesion is probably 
reduced somewhat because of inertia and liysteresis effects 
associated with the deformations of the tii'e dm-ing rolling, 
which tend to liinder the tire from conforming to the irregu- 
larities in the surface of the ground. 

Because the coefficients of friction in the spin-up drop 
tests were so much lower throughout most of the horizontal- 
velocity range, the drag loads in these tests were considerably 
smaller than those in the other types of tests for the range of 
horizontal velocity of practical interest (fig. 18). As a direct 
consequence of the decreased drag load, the bending deflec- 
tions of the landing gear were reduced, so that the vertical 
loads in the drop tests did not exhibit the large increases due 
to shock-strut friction, which were indicated in both the true 
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Figure 17. — Time histories of applied loads and coefficient of friction in typical spin-up drop tests. V'car = 0; ^Vn =7.54 feet per second. 
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Figure 19 — Comparison of time histories of applied loads and coefficients of friction in spin-up drop tests and in corresponding forward-speed 

tests and forward-speed tests with reverse wheel rotation. 
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forward-speed tests and the forward-speed tests with reverse 
wheel rotation. These differences are particularly striking in 
the range of horizontal velocity where spin-up in the other 
tests occurs when the vertical load is near its maximum value. 

Figure 19 shows direct comparisons of two typical drop- 
test time histories with the results of the other types of tests. 
The figure on the left is for a horizontal velocity of about 75 
feet per second and indicates relatively good agreement. 
The figure on the right, for a horizontal velocity of about 202 
feet per second, is typical of the results for the higher horizon- 
tal velocities and clearly indicates the greatly reduced drag 
loads in the drop tests, particularly in the later stages of the 
skidding process where the accumulation of abraded rubber in 
the ground-contact region becomes very large. 

From the foregoing results it is evident that spin-up drop 
tests yield unconservative loads for the range of liorizontal 
velocities of practical interest in airplane design. It thus 
appears that data obtained from such tests should not be 
used without qualification as a basis for design or for dy- 
namic analyses of landing loads. The foregoing comparisons 
also indicate why some airplane manufacturers (see, for ex- 
ample, ref. 5) have resorted to the use of artificial ground 
surfaces in drop tests, such as grids of various types, in order 
to obtain coefficients of friction high enough to satisfy the 
ANC-2 ground-loads design requirement of (jl = 0.55. 

VARIATION OF COEFFICIENT OF FRICTION 

As was previously indicated in the discussion of the time 
histories of the applied loads for the three types of tests 
considered, the coefficient of friction during the wheel spin-up 
process varied over a wide range of values during any given 
impact; furthermore, considerably different variations were 
found under different impact conditions. Some of the factors 
contributing to the variation of the coefficient of friction, 
such as the effects of slip ratio, skidding velocity, heating of 
the tire surface, contamination of the ground-contact area 
by abraded rubber, and the effects of changes in the vertical 
load, were briefly discussed. In this section, the variation of 
the coefficient of friction is considered somewhat more 
quantitatively; unfortunately, however, because of the nature 
of the tests, it was not generally possible to separate com- 
pletely the effects of all the various factors which influence 
the coefficient of friction. 

Effect of skidding velocity. — Figure 20 shows the varia- 
tions of the coefficient of friction with the instantaneous 
value of the apparent skidding velocity in several typical 
impacts for each of the three types of tests considered. 
These results, of course, include the effects of variations in 
the slip ratio and in the vertical load during the spin-up 
process, as well as the effects of tire heating. In these graphs 
the progress of the spin-up process is from right to left, the 
highest skidding velocity for each curve corresponding to the 
value just after initial contact, and zero skidding velocity 
indicating complete spin-up. 

(a) Forward-speed tests: 

Figure 20 (a) shows the variation of the coefficient of fric- 
tion with the apparent skidding velocity in several typical 
forward-speed impacts. The right-hand extremity of each 
curve corresponds to a slip ratio of approximately 1.0, the 
slip ratio in each test decreasing as the skidding velocity is 


reduced. As can be seen, the coefficient of friction ranged 
from minimum values of about 0.55 to 0.60, at the beginning 
of the impacts at the higher forward speeds in this series of 
tests, to maximum values between about 0.75 and 0.90 at 
low values of tlie apparent skidding velocity (just prior to 
the completion of spin-up), the highest values of the coeffi- 
cient of friction occurring in the lowest speed impacts. 

The fact that the maximum values of the coefficient of 
friction, wliich are associated with the interlocking type of 
contact between the tire and the ground, appear to decrease 
with increasing forward speed may be due to the inertia and 
liysteresis effects connected with the rolling deformations of 
the tire, which tend to hinder the tire from conforming per- 
fectly with the irregularities in the ground and thus tend to 
reduce the effectiveness of the interlocking bond. 

It should be noted that the decrease in the indicated 
coefficients of friction as the apparent skidding velocity 
approaches zero is caused by the relaxation of the circum- 
ferential distortion of the tire as the spin-up process is com- 
pleted, which was previously discussed. Because of this 
relaxation of the strains in the tire the tangential stresses in 
the ground-contact area, and thus tlie drag loads, are reduced, 
so that the indicated values of tlie coefficient of friction are 
decreased. These values of the tangential stresses and the 
indicated coefficients of friction therefore do not correspond 
to the maximum values which can be maintained by the 
conditions of contact between the tire and the ground at low 
skidding velocities; such values should be at least as high as 
the maximum values (at the ^^point of impending skidding”) 
shown. 

In figure 20 (a) the circular symbols indicate the occur- 
rence of the maximum drag load. Since, in these tests, the 
vertical load was in the process of increasing when the 
maximum coefficient of friction was reached, the drag load 
continued to increase and reached its maximum value after 
the coefficient of friction had already dropped somewhat 
from its maximum value. 

The curves shown in figure 20 (a) indicate that, in general, 
the coefficient of friction decreases with increasing skidding 
velocity, the differences between the individual curves being 
due primarily to differences in the slip ratios at any given 
skidding velocity, differences in the heating of the tire 
running surface which result from the different relationships 
between the slip ratio and the skidding velocity in the indi- 
vidual tests at the various initial horizontal velocities, and 
differences in the vertical load at any given skidding velocity. 
The effects of slip ratio and vertical load is considered furtlier 
in a subsequent section. 

(b) Forward-speed tests with reverse wheel rotation: 

Figure 20 (b) shows the variations of the coefficient of 
friction with the apparent skidding velocity in several typical 
forward-speed tests witli reverse wheel rotation. The right- 
hand extremities of these curves, of course, correspond to 
slip ratios greater than 1.0, the liighest value being about 
3.2 for a simulated horizontal velocity of 273.3 feet per 
second. The range of skidding velocity where a slip ratio 
equal to 1.0 occurs is indicated by the shaded band. (This 
band has a finite width because the carriage horizontal 
velocities were not exactly the same in all tests.) 
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(а) Forward-speed tests. 

(б) Forward-speed tests with reverse wheel rotation. 

(c) Spin-up drop tests. 

Figure 20.— Variation of coefficient of friction with skidding velocity for typical forward-speed tests, forward-speed tests with reverse wheel 

rotation, and spin-up drop tests. 
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It can be seen that in these tests the coefficient of friction 
starts out at values fairly high as compared with the general 
trend of the data. As was previously discussed, these rela- 
tively high initial values of the coefficient of friction appear 
to be largely due to the artificially high slip ratios during the 
first part of the spin-up process, which result in reduced heat- 
ing of the tire during this period. (Some discussion of the 
relationship between slip ratio and lieating is given in ap- 
pendix B.) These results suggest that, in the reverse-rotation 
tests, because of the high slip ratios during the early stages 
of the skidding process, the transition of the running surface 
of the tire from its initial cold condition at the instant of 
contact to the higher temperature representatives of normal 
spin-up conditions takes place rather slowly. As a result, 
the coefficient of friction has fairly high values (corresponding 
to values for cold rubber at high sliding velocities) at the 
beginning of the skidding process, then gradually decreases 
as the reverse rotational velocity of the tire and the associated 
slip ratio are reduced and the energy concentration in the 
tire surface and, consequently, the temperature are increased. 
This effect is illustrated schematically in figure 21. In true 
forw^ard-speed impacts, on the other hand, since the skidding 
process begins at a slip ratio of 1 .0 where the energy concen- 
tration in the tire is large, this transition occurs almost in- 
stantaneously, and the cold-rubber values of the coefficient 
of friction are not perceived. As a result, the initial portions 
of the curves for the reverse-rotation tests appear to have no 
practical significance as far as true forward-speed impacts 
are concerned. Nevertheless, the general trend of the curves 
provides at least an indication of the variation of the coeffi- 
cient of friction witli skidding velocity. 

It will be noted from figure 20 (b) that, with the exception 
of the artificial initial parts of each curve, the basic trend of 
the data for the entire range of skidding velocity falls within 
a fairly well defined and relatively narrow band. The band 
for the complete series of forward-speed tests with reverse 
wheel rotation, a total of 14 runs covering a range of simu- 
lated horizontal velocity from 97 to 273 feet per second, is 
indicated by the shaded region in figure 21. The basic trend 


shown, of course, includes the effects of differences in the slip 
ratio, which in these tests varied directly with the skidding 
velocity (since the carriage velocity was essentially constant) 
and, therefore, could not be separated from the effects of the 
skidding velocity. The spread in the curves within the band 
(see fig. 20 (b)) appears to be largely due to the effects of 
differences in the vertical load, which will be discussed later. 

The overall trend of the data indicates a variation of the 
coefficient of friction from low values between 0.25 and 0.40 
at an apparent skidding velocity of 260 feet per second to 
maximum values between 0.70 and 0.85 at an apparent skid- 
ding velocity of 17 feet per second. As in the case of the 
true forward-speed tests previously discussed, the decrease in 
the indicated values of the coefficient of friction as the ap- 
parent skidding velocity approaches zero is due to the relaxa- 
tion of the tire circumferential distortion and therefore does 
not represent the variation of the limiting values of the co- 
efficient of friction at low skidding velocities. 

(c) Spin-up drop tests: 

Figure 20 (c) shows the variation of the coefficient of fric- 
tion with the skidding velocity for a number of typical spin-up 
drop tests. As can be seen, these tests yielded very high 
coefficients of friction when the initial simulated horizontal 
velocity was low, and very small coefficients of friction, even 
at low skidding velocities, when the simulated horizontal 
velocity was large. 

The high values at low simulated horizontal velocities were 
previously attributed to the reduced heating of the tire result- 
ing from the high slip ratios. The particularly high maximum 
values of the coefficient of friction at low simulated hori- 
zontal velocity may be due to the fact that a more perfect 
interlocking contact between the tire and the ground is possi- 
ble in the drop tests, where the wheel comes to rest, than in 
the forward-speed tests, where the wlieel comes up to ground 
rolling speed, as previously discussed. (The indication of a 
finite skidding velocity corresponding to the maximum value 
of the coefficient of friction is associated with the circumfer- 
ential distortion of the tire and does not represent the actual 
relative velocity between the tire and the ground in this 
region.) 



Figure 21.— Schematic representation of variation of coefficient of friction with skidding velocity in forward-speed tests with reverse wheel rotation. 
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With increasing simulated horizontal velocity, abraded 
rubber accumulates in the ground-contact region until the 
deposit becomes large enough to cause marked reductions in 
the coefficient of friction, also previously discussed. At the 
higher simulated horizontal velocities, because of the large 
accumulation of abraded rubber, much of which is in a molten 
semi-fluid state, the coefficient of friction drops to low values 
immediately after contact and does not increase as the skid- 
ding velocity decreases, even as the wheel comes to rest, so 
that the entire skidding process takes place at small values of 
the coefficient of friction. These results are, of course, radi- 
cally different than those obtained in the other types of tests 
and are responsible for the much smaller drag loads in the 
spin-up drop tests at the higher simulated horizontal 
velocities. 

(d) Comparison of coefficients of friction in the three types 
of tests : 

The variations of the coefficient of friction in the three 
types of tests are compared in figure 22. The band shown for 
the forward -speed tests with reverse wheel rotation is the 
same as the basic trend previously presented in figure 21. It 
can be seen that the values of the coefficient of friction indi- 
cated by the basic trend in the reverse-rotation tests appear 
to be somewhat lower than in the true forward-speed tests. 
A possible explanation for this result is afforded by the fol- 
lowing considerations. In the forward-speed tests with re- 
verse rotation, for the range of skidding velocities greater 
than the carriage velocity, the slip ratios are greater than 1.0 
and increase with skidding velocity up to a maximum value 
of 3.2 at a skidding velocity of 273 feet per second. Since the 
slip ratio represents the ratio of an increment in skidding dis- 
tance to a corresponding increment in ground travel, the 
concentration of abraded rubber in the gi’ound-contact area 
increases with increasing slip ratio. As a result, at skidding 
velocities higher than the carriage velocity in the reverse- 
rotation tests, the concentration of abraded rubber is some- 
what greater than in a true forward-speed test, though smaller 


than in a spin-up drop test, and the coefficients of friction are 
therefore somewhat lower than might be expected from true 
forward-speed tests for the same skidding velocities. 

For skidding velocities less tlian the carriage velocity, 
the coefficients of friction are also somewhat smaller in the 
reverse-rotation tests than in the true forward-speed tests, 
even though the slip ratios in this region are smaller than 1.0. 
In the reverse-rotation tests the direction of the rotation of 
the wheel changes when the slip ratio becomes equal to 1 .0, 
so that, for slip ratios less than 1 .0, part of the surface of the 
tire coming into contact with the ground has been in contact 
with the ground previously, when the slip ratio was greater 
than 1.0, and is therefore at a higher temperature. In the 
forward-speed tests, on the other hand, this situation does 
not exist; since no change in the direction of rotation of the 
wheel occurs and the wheel does not turn through a full 
revolution during the spin-up process, the regions of the tire 
entering the ground-contact area have not been in contact 
with the ground previously, so that the surface of the tire 
entering the ground-contact area is cold. When the initial 
slip ratio in the reverse-rotation tests is only slightly greater 
than 1.0, however, the angular displacement of the tire prior 
to reversal of its rotation is small enough that in the very last 
stages of the skidding process, when the skidding velocity 
becomes small, cold rubber, which has not previously been 
in contact with the ground enters the ground-contact area. 
In these cases, the coefficients of friction are approximately 
the same as in the forward-speed tests. 

Figure 22 also shows, as previously discussed, that spin-up 
drop tests yield unrealistic values of the coefficient of fric- 
tion throughout the range of simulated horizontal velocities 
of practical interest. Because the coefficients of friction are 
so low, the loads developed in the drop tests are generally 
unconservative. These results indicate that spin-up drop 
tests, at least onto a concrete ground surface, are not at all 
representative of actual landings with forward speed on 
concrete runways. 





Figure 22. Comparison of variations of coefficient of friction with skidding velocity in forward-speed tests, forward-speed tests with reverse 

wheel rotation, and spin-up drop tests. 
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(a) Forward-speed tests. 

(b) Forward-speed tests with reverse wheel rotation. 

Figure 23. — Variation of coefficient of friction wdth slip ratio in typical forward-speed tests and forward-speed tests with reverse wheel rotation. 


Effect of slip ratio. — Figures 23 (a) and 23 (b) show the 
variations of the coefficient of friction with the slip ratio in 
the forward-speed tests and the forward-speed tests with 
reverse wheel rotation, respectively. These results, of course, 
include the effects of variations in the skidding velocity and 
in the vertical load, as well as the effects of tire heating. 

In the forward-speed tests (fig. 23(a)) the slip ratio is 
equal to 1.0 at the instant of initial contact, the skidding 
velocity at this instant being equal to the forward speed. 
The instantaneous skidding velocity, of course, decreases as 
the slip ratio becomes smaller during the spin-up process. 
The main interpretation which can be drawn from this 
figure is that, for any given slip ratio, there is a general 
decrease in the coefficient of friction with increasing skidding 
velocity, the largest effect of variations in the skidding ve- 
locity appearing at low skidding velocities. The limitations 
of the data prevent separating the effects of skidding veloc- 
ity and vertical load from those due to variations in the slip 
ratio. 

The coefficients of friction in the forward-speed tests with 
reverse wheel rotation are plotted against slip ratio in figure 
23(b), the scale for slip ratios greater than 1.0 being com- 
pressed. Since the actual horizontal velocities were approxi- 


mately the same in all tests, the slip ratios are directly pro- 
portional to the skidding velocities and these effects can 
again not be separated. This figure is therefore essentially 
the same as figure 20(b). Since, for any given slip ratio, 
the skidding velocity is the same for all tests, the vertical 
spread of the curves must be due to some other variable 
factor such as the vertical load. This effect is considered 
next . 

Effect of vertical load. — As previously noted, in the 
forward-speed tests with reverse rotation, since the horizon- 
tal velocities were essentially the same for all tests, differ- 
ences in the coefficient of friction at any given slip ratio or 
skidding velocity must be due to some other variable factors, 
such as the instantaneous vertical load. These differences 
in the vertical load appear because the time at which a 
given skidding velocity or slip ratio is reached in any par- 
ticular test is a variable depending on the magnitude of the 
initial simulated horizontal velocity. 

Some indication of the effect of the vertical load on the 
coefficient of friction is given in figure 24 where the coeffi- 
cients of friction at slip ratios of 1.0 and 0.15, corresponding 
to skidding velocities of about 84 and 13 feet per second, 
respectively, are plotted against the vertical load at the same 
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Figure 24. — Effect of vertical load on coefficient of friction. 


instant. The data shown were obtained from the complete 
series of forward-speed tests with reverse wheel rotation. 
Also shown are corresponding test points from three true 
forward-speed tests at approximately the same carriage ve- 
locity as in the reverse-rotation tests. The test points for 
a slip ratio of 1.0 generally exhibit relatively little scatter. 
Most of the test points in figure 24 correspond to a time 
when the tire had rotated through only a fraction of a revo- 
lution. The square symbols represent test points which 
occur shortly after the tire has completed one full revolu- 
tion; that these values of the coefficient of friction are some- 
what lower than the general trend of the data for a slip 
ratio of 1.0 may be due to the higher temperature of the 
surface of the tire remaining from its previous passage 
through the ground-contact area. This effect is not evident 
for the slip ratio of 0.15, possibly because a greater time has 
been available to permit cooling of the part of the tire in 
contact with the ground when this slip ratio occurs. 

■ The overall trend of the data in figure 24 indicates that 
the coefficient of friction generally decreases appreciably 
with increasing vertical load, the data for a slip ratio of 1.0 
suggesting that the coefficient of friction reaches a maxunum 
value at a finite vertical load, in the neighborhood of 1,000 
pounds in these tests. A similar decrease in the coefficient 
of friction with vertical load is indicated, though not so 
clearly because of the greater scatter, by the data for a slip 
ratio of 0.15. The effect of the vertical load on the coeffi- 
cient of friction appears to be more pronounced at high slip 
ratios, where full skidding exists, than at very small slip 
ratios, where an appreciable part of the ground-contact 
region is in a state of interlocking or adhesive contact. The 
general level of the coefficient of friction was, of course, 
considerably higlier in the interlocking-contact region, as 
was discussed previous^. 

EFFECTS OF PREROTATION 

Although prerotation of the landing wheels of an airplane 
before impact to decrease the relative velocity between the 
tire and the ground has often been suggested as a means for 
reducing spin-up drag loads, one of the main reasons that 
prerotation has not come into wider use is a general belief 
that the reductions in drag load would be very small unless 


the prerotation speed is matched almost exactly with the 
ground-rolling speed, a requirement which may be rather 
difficult to achieve in practice. In order to obtain quanti- 
tative information regarding the effects of prerotation on 
wheel spin-up drag loads, a series of forward-speed tests 
with varying degrees of prerotation was included in the over- 
all investigation of applied ground loads. All tests were 
made at a carriage horizontal velocity of about 85 feet per 
second. 

Figure 25 shows the manner in which different amounts of 
prerotation, ranging from no prerotation up to 94 percent, or 
almost complete prerotation, affect the applied loads on the 
landing gear for impacts at a vertical velocity of about 9.4 
feet per second. (The percentage prerotation is based on 
the ratio of the peripheral velocity of the undeflected tire at 
the instant of contact to the horizontal velocity at contact.) 
These results show that, as would be expected, increasing the 
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Figure 25. — f^ffect of prerotation on time histories of applied loads. 
Ecor^P=85.2 feet per second. 


amount of prerotation decreases the time to spin up and 
reduces the maximum drag load, witli a consequent reduction 
in the vertical load. The influence of the drag load on the 
vertical load was similar to that discussed previously in con- 
nection with tl\e other tests. 

In figure 26, the maximum vertical loads and the maximum 
drag loads from tests at three vertical velocities are plotted 
against the percentage prerotation. The ratios of tlie 
maximum loads with prerotation to the maximum loads 
without prerotation are shown in figure 27. Tlie effect of 
prerotation in reducing the drag load is evident. It can also 
be seen that prerotation produced a larger percentage reduc- 
tion in drag load at the higher vertical velocities, where the 
need for reduction is greatest. 

In figure 26 it will be noted that the drag load is not equal 
to exactly zero at 100-percent prerotation, even though the 
peripheral velocity of the undeflected tire at tlie instant of 
contact is equal to the horizontal ground speed. The reason 
for this result is that the rolling radius of the wheel becomes 
smaller as the tire compresses under the vertical load during 
the impact; consequently, the angular velocity of the wheel 
must increase if the peripheral velocity of the tire is to remain 
equal to the horizontal velocity. To produce the necessary 
angular acceleration of the wheel inquires a finite drag force, 
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Figure 26. — Effect of prerotation on maximuzn applied loads. 
= 84.5 feet per second. 


as is indicated by the curves for 100-percent prerotation. 
On the other hand, a slight amount of excessive prerotation 
initially produces a small negative drag load, followed by a 
positive drag load which arises for the same reason as at 
100-percent prerotation. (See, for example, data for 115- 
percent prerotation in fig. 26.) Because of this variation in 
rolling radius, it appears impossible to obtain exactly zero 
drag load throughout an impact. 

With regard to the practical usefulness of prerotation, it 
should be noted that in many cases there may be no particu- 
lar need to reduce the spin-up drag load to levels below those 
established by other design loading conditions, since the 
landing gear must be strong enough to withstand these other 
loads. For example, the design requirement for braked 
rolling amounts to 2,400 pounds for the configuration tested. 
As can be seen from figure 26, for the horizontal velocity 
of these tests and a vertical velocity of 9.5 feet per second, 
the drag load can be reduced from about 4,400 pounds to 
2,400 pounds (a 45-percent reduction) by use of a prerotation 
of 60 percent. This result indicates that, for the range of 
conditions covered in these tests, partial prerotation can be 
employed to produce useful reductions in the spin-up drag 
load. 




Figure 27. — Ratios of maximum applied loads with prerotation to 
ma.xi mum. applied load.s without prerotation, as functions of percent- 
age prerotation. Vcar^^ = 84.5 feet per second. 


Figures 26 and 27 also show the effect of prerotation on the 
maximum vertical loads. It can be seen that increasing the 
percentage prerotation also leads to a reduction in vertical 
load, through reduction of the bending moments acting on 
the landing gear, as previously discussed. In these tests the 
minimum vertical load occurred at a prerotation of about 
80 to 85 percent, where the minimum strut bending response 
occurred at tlie time of maximum vertical load. 

It is of interest to compare the results of the prerotation 
tests with those obtained for the same initial skidding velocity 
of the tire in forward -speed tests without prerotation. In 
the forward-speed tests without prerotation, of course, the 
initial skidding velocity is the same as the horizontal velocity 
at contact. In figure 28 the maximum values of the drag 
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Figure 28. — Comparison of maximum drag loads in prerotation tests 
and forward-speed tests for equal initial skidding velocities. 


load in both types of tests are plotted against the initial 
skidding velocity. The maximum drag loads with prerota- 
tion are seen to agree closely with the curves for the forward- 
speed tests without prerotation. It thus appears that the 
effect of prerotation on the maximum drag load is essentially 
the same as the effect of reducing the forward speed. 

Comparisons of the time histories of the drag load for 
tests with prerotation and without prerotation are shown in 
figure 29 for several selected intial skidding velocities and a 
vertical velocity of about 9.5 feet per second. As can be 
seen, for tests with approximately the same initial skidding 
velocity, the time histories are similar; however, the tests 
with prerotation indicate a slightly longer time to spin up. 



Time after contact, sec 


Figure 29. — Comparisons of drag-load time histories in prerotation 
tests and forward-speed tests for several initial skidding velocities. 
Vcar in prerotation tests, approximately 85 feet per second. 


The same type of agreement was found for impacts at a 
vertical velocity of 7.5 feet per second. 

In evaluating the effects of prerotation, a word of caution 
is necessary. The results for the forward-speed tests with 
and without reverse rotation in figure 15 show that the 
maximum drag load first increases with increasing forward 
speed (initial skidding velocity), reaches a peak at about 120 
feet per second, then decreases with further increase in 
velocity. In the prerotation tests of the present investiga- 
tion the carriage horizontal velocity was about 85 feet per 
second, well below the value for peak drag load, so that any 
reduction in skidding velocity obtained by prerotation, even 
a small amount of prerotation, caused a decrease in the drag 
load. On the other hand, for horizontal velocities above 
120 feet per second, an insufficient amount of prerotation 
may actually cause an increase in drag load if the skidding 
velocity at contact is reduced to values in the vicinity of the 
peak drag load. For example, at a horizontal velocity of 200 
feet per second, figure 15 indicates a maximum drag load of 
about 2,700 pounds. In order to reduce the maximum drag 
load below this level, the relative skidding velocity would 
have to be reduced to less than 50 feet per second, that is, by 
a prerotation of 75 percent or more. Any lesser amount of 
prerotation would actually cause the drag load to be in- 
creased. This possibility should always be considered in 
the design of prerotation devices when the horizontal veloc- 
ity is higher than that at which the peak drag load occurs, 
and care should be taken to insure that sufficient prerotation 
is produced to yield a relative velocity small enough actually 
to cause a reduction in drag load. This restriction, however, 
still provides consideTable latitude in matching the forward 
speed. On the other hand, for very high forward speeds, 
the maximum spin-up drag load may be of the same order as, 
or even less than, the drag load caused by other design 
conditions, so that the practical advantages of prerotation 
would be greatly reduced. Even in such cases, however, 
prerotation might still be useful as a means of reducing 
dynamic stresses and consequent fatigue problems in the 
landing gear and other parts of the airplane structure. 

From the results of the many tests which were made in the 
basic study of wheel spin-up drag loads, certain inferences 
may be drawn regarding the probable effects of prerotation 
on tire wear. It would seem that prerotation should greatly 
decrease tire wear. On the other hand, no appreciable 
amount of tire wear was evident in the impact-basin tests, 
even though the program involved some 450 simulated land- 
ings without prerotation, covering a range of vertical veloci- 
ties up to 9.6 feet per second and initial skidding velocities 
up to 273 feet per second. The tires on an airplane having 
the same type of landing gear were worn out, however, in a 
substantially smaller number of landings under much less 
severe impact conditions. Since the only source of tire wear 
in the impact-basin tests is the wheel spin-up process, the 
much larger rate of wear in the flight landings appears to be 
due to sources other than wheel spin-up, perhaps braking 
and turning conditions. From these considerations it would 
appear that prerotation should have little effect on tire life. 
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CONCLUDING REMARKS 

A study has been made of the applied loads and the 
eoefficient of friction in impacts of a small landing gear under 
controlled conditions on a concrete landing strip in the 
Langley impact basin. The basic investigation included 
three major phases: forward-speed tests at horizontal veloci- 
ties up to approximately 86 feet per second, forward-speed 
tests with reverse wheel rotation to simulate horizontal 
velocities up to about 273 feet per second, and spin-up drop 
tests for comparison with the other tests. In addition to the 
basic investigation, supplementary tests were made to eval- 
uate the drag-load alleviating effects of prerotating the 
wheel before impact so as to reduce the relative velocity 
between the tire and the ground. 

In the presentation of the results an attempt has been 
made to interpret the experimental data so as to obtain some 
insight into the physical phenomena involved in the wheel 
spin-up process. From this study it appears that the condi- 
tions of contact between the tire and the ground, and conse- 
quently the magnitude of the coefficient of friction, var}" 


greatly during the course of an impact and with different 
impact conditions. The coefficient of friction appears to be 
appreciably influenced by a number of factors, including the 
instantaneous skidding velocity, the slip ratio, the vertical 
load, the effects of tire heating produced by the skidding 
process, and the effects of contamination of the ground 
surface by abraded rubber. Some quantitative indications 
of these effects were obtained from the experimental data but 
the nature of the tests did not permit complete separation of 
all individual effects. 

From the study of the effects of wheel prerotation, it 
appears that this means may be used to obtain appreciable 
reductions in the maximum drag loads; however, at very high 
forward speeds, because the spin-up drag loads may be of 
the same order as, or even less than, the drag loads caused 
by other design conditions, the practical advantages of 
prerotation could be greatly reduced. 

Lancley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Lancley Field, Va., August 18, 1955, 


APPENDIX A 

DEFINITIONS 


The purpose of this appendix is to present briefly some of 
the equations used in calculating the relative motions be- 
tween the wheel and the ground from the measured data. 

ROLLING RADIUS 

By analogy with the rolling of a rigid wheel, the effective 
radius for the free rolling of a deformable wheel is defined 
by the equation 

Xr = Ted (Al) 

where 

Xr horizontal translation of the axle in rolling 
6 angular displacement of wheel 
r <5 rolling radius 

An estimate of the rolling radius may be obtained by 
means of a simple geometrical argument, along the same 
lines as that used by R. C. Whitbread and described in refer- 
ence 6. The adjacent sketch represents a rolling wheel of 
free radius Rj deflected by an amount 5=OB; the deflected 



It can be readily shown that the right-hand member of 
equation (A2) is very closely approximated by the linear 
2R-\-rd 


function 
so that 


for the practical range of tire deflection, 


2R+Vd 


(A3) 


or, since Va^^R— 




(A3a) 


where 5 is the tire deflection. 

Equation (A3a) appears to be substantiated fairly well by 
experimental data. (See ref. 6.) 

APPARENT SKIDDING VELOCITY 

If skidding exists, the horizontal displacement of the axle 
Xaxie is not equal to the horizontal displacement Xr in free 
rolling. The apparent skidding distance Xs^u is the difference 
between the actual translation of the axle and the translation 
in free rolling, for the same angular disnlacement of the 
wheel. Thus, 

^skid^^^axle 

^^axle — red (A4) 


Differentiating with respect to time gives the following ex- 
pression for the apparent skidding velocity : 


^ skid — ^ axle ^ 

where 

skid^^ ^ skid 
Vaxle~^axle 


(A5) 


SLIP RATIO 


radius is r^. Assume that the arc ABC has been compressed 
so that the mean footprint length is equal to the chord AOC. 
Assume, also, that no sliding between the tire and the 
ground occurs in rolling. Thus, for an angular displacement 


6= sin 


R 


as shown, the axle will be displaced horizontally by an amount 

x,=OA 


With the foregoing substitutions, equation (Al) gives the 
following expression for the rolling radius : 



(A2) 


The slip ratio is normally defined as the ratio of the change 
in the angular velocity of a wheel, under the application of 
torque, to the angular velocity of a freely rolling wheel at 
the same axle velocity; that is. 


S-- 


_6f—e 


(A6) 


where 


6 angular velocity of wheel under torque 


6f angular velocity of freely rolling wheel 

Multiplying numerator and denominator in equation ( A6> 
by Te and noting that rfif=Vaxu gives 

cy ^ axle ^ e^ 

Vaxle 


V skid 
^ axle 


(A7) 
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APPENDIX B 

TIRE HEATING 


A rough evaluation of the factors which influence the 
heating of the tire during the skidding process may be 
obtained from the following elementary considerations. 
Assume that the tire is a good insulator, so that the heat 
produced by the skidding remains on the surface of the tire; 
the temperature rise of the surface will then be directly 
proportional to the concentration of skidding energy per unit 
of tire surface area. For simplicity assume that /z, 
and are constant; also, assume line contact between the 
tire and the ground (rigid tire). Consider the work done 
in skidding and the area of the tire in contact with the 
ground during an increment in time Lt, during which the 
tire rotates through an angle and the axle is dis- 
placed horizontally through a distance AXaxu] the skidding 
distance during this interval is given by (see eq. (A4)) 


^^skid — Ax axle ^ eAd (^l) 

The work done in skidding is 


From the definitions of Vsud and S (eqs. (A5) and (AT)) 
it follows that 


(S' 

$ w i—s 


(B2) 


where, for 

S < 1,^>0 

S>1, ^<0 

so that e is always positive. 

Equation (B2) indicates, in first approximation, how the 
energy concentration in the tire surface varies. It is immedi- 
ately evident that, everything else being equal, the greatest 
energy concentration occurs at iS=l, the values at the 
extremes of the range of S being 


€(S=0) — 0 


€(5 =co) 


w 


AW= Fn^^AXskid 

= fiF v^pAXskid 

The amount of tire surface making contact with the ground 
is 

^ Ad 

where w is the width of the tire contact area. (The factor 
IS introduced to insure that aA is positive regardless 
of the direction of rotation.^ 

The ratio of the incremental work to the incremental 
area is, therefore. 


AIF^IA^I AXski d 

AA Ad W VeAd 

Dividing numerator and denominator of the right-hand 
side by At and passing to the limit gives the intensity of the 
skidding energy in the tire surface area making contact with 
the ground : 

^ _ dTF _|^| f^Fy^ V skid 

dA~e w red 


Since the coefficient of friction decreases with increasing 
tire-surface temperature, that is, decreases with increasing 
skidding energy per unit surface area, this simplified argu- 
ment indicates that, all other factors being the same, the 
coefficient of friction should reach its minimum value at a 
slip ratio S=l and increase as S becomes either less than or 
greater than 1 . It also appears that the coefficient of friction 


F 

should decrease with increasing values of These 

observations, of course, refer only to the effects of heating. 
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TABLE I.— CHARACTERISTICS OF TEST INSTRUMENTATION 


Quantity measured 

I nstrument 
natural fre- 
quency, cps 

Galvanometer 
natural fre- 
quency, cps 

Estimated total 
maximum error 


i 

«^220 

800 

±90 lb 


M03 

800 

± 240 lb 


800 

800 

±0. 8g 

Axlt? iioi iiicil &cccitjr<ii'iuii j luiii/i , ” 

800 

800 

±0. 5g 


140 

150 

±0. 4g 

Axle axial acceleration, -- 

b275 

800 

±150 lb 

vjrouna vertical loroe, ^ v g ~ 

bl00 + 

800 

± 230 lb 

vjrouno iionzuii tdi iun/tj, i h g 

520 

800 

±0. 2g 

vjrrouna vertical acccici»i-iuu> '^v ^ 

530 

800 

±0. 2g 

orotinQ norizuiitcit ^ — — ~ 


1, 650 

±1° 

W neei angular aispiacenieui, u-. - 


800 

± 1. 5 percent 

Wheel angular velocity, 0 — 

Flat response 

500 

±0. 2 inch 

XJpper mass displacement, Zn — __ — _ — 

to 20 cps 
Flat response 

100 

±0. 15 inch 

nOC vi tl L — ~ — — — — — — — — — — 

to 20 cps 
Flat response 

100 

±0. 15 inch 

lire Qispiacement i^nxea nisiaiiatiuu; 

to 20 cps 
1,000 + 

800 

±0. 1 fps 

vertical veiucity cti uuulcicd, v yq 


100 

± 2 percent 



1, 650 

±0. 1 ft 




± 1 percent 






• With wheel assembly attached. 

•> With ground platform attached. 
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